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ABSTRACT 
 
In recent decades, aquatic macrophytes including floating, emergent and submerged 
macrophytes have been excessively propagated and causing various environmental problems in lakes, 
dams and reservoirs worldwide. In the case of Japan, submerged macrophytes have been propagated 
and causing water stagnation, foul odor, fishing interference and landscape fouling. The treatment of 
harvested macrophytes is one of the largest concern, but the effective and low-cost treatment has not 
been established yet. Anaerobic digestion enables the recovery of bioenergy as methane gas from 
biomass with high moisture content. From this point of view, the application of anaerobic digestion 
has been receiving its attention for the effective alternative treatment. Anaerobic digestion has been 
employed to the treatment of wide variety of bio-wastes such as wastewater, food waste, animal 
manure, agriculture waste, and sewage sludge in commercial scale. In recent years, lignocellulosic 
biomass has been expected for the prospective feedstocks for biomethane recovery. Substrates with 
slow degradation rate and/or low methane recovery are generally regarded as unsuitable for anaerobic 
digestion. Hence, the improvement of biomass biodegradability is required for lignocellulosic 
biomass such as submerged macrophytes, in order to successfully apply anaerobic digestion treatment. 
The overall research aim of this Ph.D. thesis is to examine anaerobic digestion process of submerged 
macrophytes and to enhance the anaerobic digestibility by chemical pre-treatment. First, anaerobic 
digestibility of five dominant submerged macrophyte species in relation to the chemical composition 
was investigated. The lignin content of the submerged macrophyte widely ranged depending on 
species from 3 to 21%-total solid. The total methane yield of submerged macrophytes greatly varied 
from 161 to 361 mL g-VS-1 depending on species (El. nuttallii > Eg. densa > P. malaianus > C. 
demersum > P. maackianus). The present study revealed that the methane recovery of submerged 
macrophytes is regulated by the lignin content, as well as other lignocellulosic biomass. For the 
lignin-rich macrophyte (i.e. P. maackianus), the application of delignification pre-treatments is 
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recommended to make this species feasible for anaerobic digestion. Lignin composition analysis 
revealed that submerged macrophytes contained alkali-labile hydroxycinnamic acids for 27.2 to 
59.4% of the total lignin, suggesting alkaline pre-treatment can easily delignify and improve the 
anaerobic digestibility of submerged macrophytes. Next, the effect of alkaline pre-treatment on 
anaerobic digestibility of submerged macrophyte was investigated in batch mode. Alkaline pre-
treatment greatly increased the SCOD/TCOD and reduced lignin of submerged macrophytes, clearly 
indicating the enhancement of the hydrolysis. Ferulic acid content greatly reduced with the increase 
of NaOH dose, implying the removal of lignin-ferulate complex from the lignocellulose. The 
cumulative CH4 yield of pre-treated P. maackianus and Eg. densa was 50.6% and 23.9% higher than 
un-treated, indicating that alkaline pre-treatment could be effective for anaerobic digestion of 
submerged macrophytes. The present study suggested that the pre-treatment with high NaOH dose to 
lignin-rich substrate could cause the inhibition of anaerobic digestion, possibly by the release of 
dissolved lignin from lignocellulose during pre-treatment. Anaerobic toxicity test of dissolved lignin 
revealed that methanogenesis and acidogenesis steps were slightly inhibited (7-15% decline from the 
control), while hydrolysis step was inhibited by 35%, suggesting that extracellular enzymatic 
hydrolysis may be the most susceptible step against dissolved lignin in anaerobic digestion process. 
Finally, semi-continuous anaerobic digestion of alkali pre-treated and un-treated P. maackianus was 
conducted in order to evaluate the process stability in terms of CH4 recovery and acclimatization to 
accumulating dissolved lignin. Alkaline pre-treatment enhanced the CH4 production from P. 
maackianus by 65% from un-treated biomass. In the digestate of alkali pre-treated condition, 
accumulation of dissolved lignin was observed and the CH4 production was inhibited. However, the 
CH4 production was recovered from day 42, which suggested the acclimatization of microorganisms 
and/or alleviation of toxicity of dissolved lignin. Overall, the present study demonstrated that alkaline 
pre-treatment is highly beneficial for enhancing anaerobic digestibility of lignin-rich submerged 
macrophyte.   
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Chapter I 
General Introduction 
 
1.1. Emerging issues of aquatic macrophytes 
Generally, aquatic macrophytes (emergent, floating and submerged) play important roles in 
freshwater ecosystem by maintaining good water quality and providing habitats to fish juveniles or 
invertebrates. However, for the last several decades, aquatic macrophytes has been excessively 
propagating and causing various problems in lakes, dams and reservoirs worldwide. In many African 
countries, Food and Agriculture Organization of the United Nations (FAO) reported that the exotic 
floating macrophytes such as water hyacinth Eichhornia crassipes, water lettuce Pistia stratiotes and 
water fern Salvinia molesta have been invaded and infested dramatically since early 1950s (Food and 
agriculture organization of the United Nations, 2002). These floating macrophytes develops dense 
mats on the water surface, which have been enormously damaged to the environment and the 
economy by causing water loss through evapotranspiration, fishing interference, dam clogging, 
flooding, displacement of native plants and animals and interference of irrigation. In Europe, invasion 
of 96 exotic species of aquatic macrophyte such as Elodea Canadensis, Azolla filiculoides, Vallisneria 
spiralis and Elodea nuttallii has been reported in 46 out of 50 European countries (Hussner, 2012). 
One of the major issues of infested macrophyte is the release of nutrients from decayed macrophyte 
during autumn in short period of time (van Donk et al., 1993). In Australia, exotic macrophytes such 
as Ei. crassipes, Cabomba caroliniana and S. molesta have been infested in South East Queensland, 
and being problematic in increase of mosquito breeding sites, interference with recreational activities 
and water loss by increased evaporation rate (O’Sullivan et al., 2010). In USA, invaded submerged 
macrophytes including Egeria densa, Ceratophylum demersum, Potamogeton crispus and 
Myriophyllum spicatum have been causing similar problems mentioned above (Santos et al., 2011). 
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Many Asian countries also have reported the nuisance of aquatic macrophytes in many water bodies 
such as rice paddies and drainage systems (Abbasi et al., 1990).  
Japan also has been suffering the problem of aquatic macrophytes, especially in Lake Biwa, 
where is the largest lake in Japan (total area: 674 km2). As shown in Figure 1-1, Lake Biwa consists 
of the Northern Basin (surface area: 617.6 km2; average depth: 45.5 m) and the Southern Basin 
(surface area: 56.8 km2; average depth: 3.5 m). Since 1994, submerged macrophytes have been 
excessively infested mainly in the Southern Basin of Lake Biwa (Haga and Ishikawa, 2011). It has 
been proposed that the expansion of submerged macrophytes from 1994 was caused mainly by the 
serious water shortage during summer of that year, followed by the decline of water level up to -1.2m 
and increase of light penetration to the lake bottom of the Southern Basin (Hamabata et al., 2012). 
Simultaneously, the water transparency gradually improved, which also supplied sufficient light to 
the macrophytes. Currently, the submerged macrophytes cover approximately 90% of the Southern 
Basin (Fig. 1-2). The large quantity of phytomass has been causing water stagnation, foul odor, fishing 
interference, ecosystem change and landscape fouling (Haga et al., 2006a,b; Fig. 1-3 (A)). In addition, 
filamentous blue green algae such as Anabena spiroides, often attaches on submerged macrophytes 
is known to produce geosmin, which occurs nuisance musty odor in the water (Sugiura et al., 2004). 
Lake Biwa is a very important source of drinking water for 14 million people in its watershed and 
downstream areas: Shiga, Osaka, Kyoto, Nara and Mie Prefectures. In recent years, it has been 
reported that drifted and stranded submerged macrophyte and water stagnation caused by the 
macrophyte infestation can increases geosmin concentration in Lake Biwa-derived drinking water 
(Sugiura et al., 2004). Thus there is an urgent need to reduce the submerged macrophytes from the 
lake. 
 
1.2. Harvesting of submerged macrophytes and treatment of the harvested phytomass 
The harvesting of submerged macrophytes in Lake Biwa has been strongly propelled by 
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government of Japan and the local government. In order to promote the harvesting and treatment of 
submerged macrophytes, the Ministry of the Environment and Shiga Prefecture recently revised “Plan 
for Conservation of Lake Water Quality” and “Mother Lake 21 Plan”, respectively (Ministry of the 
Environment, 2010; Scientific Committee for Comprehensive Conservation of Lake Biwa, 2010). 
Currently, the submerged macrophytes have been extensively harvested by the local government, 
fishermen and citizens. There are mainly two harvesting methods: (1) trawling by using shellfish 
trawling equipment Mangan aimed for completely removing macrophytes from their roots (Fig. 1-3 
B), and (2) cutting of macrophytes by harvesters, which harvests down to the depth of 1.5 m (Fig. 1-
3 C). The harvesting yield and the harvesting cost reach approximately 4,000 ton and JPY 180 million 
per annum, respectively (Hamabata et al., 2012)(Fig. 1-4). The harvested phytomass is piled up on 
the fishing port for several days (Fig. 1-3 D), transferred and has been either incinerated or composted. 
Incineration is considered to be unfeasible due to the high moisture content (80-95%wwt) of 
submerged macrophytes. Currently, composting has been the main treatment method of submerged 
macrophytes in Lake Biwa. Composting is advantageous in nutrient recycling in low treatment cost, 
but it is still not competitive against chemical fertilizer mainly due to the long treatment time and the 
difference between the fertilizer application time and the growth period of the submerged 
macrophytes (Shiga Prefecture, 2012). In addition, harvested macrophytes often contains harmful 
contaminants such as fish hook, which can be a risk for farmers to get injury or contamination to the 
crops by using macrophyte compost. With the same reason, utilization of submerged macrophytes to 
animal feed is limited. On the other hand, bioethanol fermentation has recently been attempted for 
renewable biofuel production from submerged macrophytes. Bioethanol is advantageous in 
transportation by its liquid form. However, it is widely known that bioethanol fermentation of 
lignocellulosic biomass has significant drawback: high cost for addition of enzymes. Differ from 
bioethanol fermentation of sugar-rich or starch-rich biomass such as wheat, corn and sugar cane, 
cellulose has to be broken down to fermentable sugars such as glucose, prior to ethanol fermentation 
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(Taherzadeh and Karimi, 2008). Matsumoto (2010) conducted bioethanol fermentation using raw 
Egeria densa harvested from Lake Biwa, and reported that the addition of both cellulase and pectinase 
were required for the saccharification. Thus, the alternative treatments to incineration/landfilling, 
composting, animal feed and bioethanol production should be established, in order to effectively 
utilize the submerged macrophytes.  
Anaerobic digestion enables the recovery of bioenergy as methane gas from biomass with high 
moisture content. From this point of view, the application of anaerobic digestion has been receiving 
its attention for the effective alternative treatment of submerged macrophytes. Anaerobic digestion 
involves a series of metabolic reactions in which complex components of the substrate are 
sequentially converted to methane and carbon dioxide as the main end products (Figure 1-5). Since a 
wide variety of anaerobic microorganisms are involved in the digestion process, the majority of 
organic polymers can be degraded during anaerobic digestion. The process operation is relatively 
simple and the treatment cost is low as compared to bioethanol fermentation, since application of 
expensive enzymes/yeasts is not required in anaerobic digestion. The solid and/or liquid residue of 
digestion process can be used as fertilizer owing to their high nutrients content (Liedl et al., 2006; 
Uysal et al., 2010). In recent years, microalgae cultivation by using anaerobic digestion effluent has 
been attempted for low-cost nutrient removal and/or production of high-value products such as 
biofuel, animal feed and health supplements (Park et al., 2010; Levine et al., 2011; Bahr et al., 2014). 
Anaerobic digestion of solid waste has been mature and well developed in both research and industrial 
levels. In laboratory scale, substantial number of literatures regarding anaerobic digestion of solid 
waste has been elucidated the process performance such as maximum organic loading rate (OLR) 
(e.g. Nagao et al., 2012), operating temperatures (e.g. Ferrer et al., 2010), inhibitors (e.g. Chen et al., 
2008), and fundamentals such as kinetics and modelling (e.g. Lay et al., 1997). Anaerobic digestion 
has been employed to the treatment of wide variety of bio-wastes such as wastewater, food waste, 
animal manure, agriculture waste, and sewage sludge in commercial scale (Sawatdeenarunat et al., 
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2014). Moreover, “Act on Special Measures Concerning Procurement of Renewable Electric Energy 
by Operators of Electric Utilities” came into effect in Japan from July 2012 (Ministry of Economy 
Trade and Industry (METI), 2011). The act obligates electricity companies to purchase the electricity 
generated from biomass with the fixed price. Currently, purchase price of electricity generated from 
anaerobic digestion is 39 JPY (+ tax) per kWh, which is up to 44% higher than that of photovoltaic 
power (Ministry of Economy, Trade and Industry, 2015). Thus the application of anaerobic digestion 
for the treatment of submerged macrophytes can possibly be highly beneficial, in terms of energy 
recovery and nutrient recycling.  
 
1.3. Anaerobic digestion of lignocellulosic biomass and enhancement of CH4 recovery  
In recent years, lignocellulosic biomass has been given its attention as prospective feedstocks 
for biomethane recovery. Lignocellulose, which is the main component of the plant cell wall, is 
mainly composed of cellulose, hemicellulose and lignin, and the each biopolymer has different 
characteristics. Cellulose is a polysaccharide consists of a linier chain of D-glucose. In a plant biomass, 
the cellulose chains are bundled by hydrogen bond and forming “cellulose microfibril”. The cellulose 
microfibrils have both crystalline and amorphous regions, and the major part is the crystalline form 
(Chum, 1985). Although both types of cellulose have high methane recovery, the degradation rate of 
high-crystalline cellulose is lower than amorphous one (Jeihanipour et al., 2011). Hemicellulose is 
also a polysaccharide consists of different biopolymers such as pentose, hexose and sugar acids. 
Contrary to cellulose, hemicellulose has amorphous structure so that it is easily hydrolyzed (Fengel 
and Wegener, 1984). Accordingly, both cellulose and hemicellulose are considered as the main carbon 
source for CH4 recovery in anaerobic digestion, due to the relatively high biodegradability. On the 
other hand, lignin is the most recalcitrant polymer among three component of lignocellulose. Lignin 
is amorphous polyphenol consists of three different phenylpropane units (p-coumaryl, coniferyl and 
sinapyl alcohol), forming extremely complex three-dimensional structure. The main role of lignin is 
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to give the structural support to plants and protect cellulose and hemicellulose against 
microbial/enzymatic attack by coating the polysaccharides (Figure 1-6). It is known that anaerobic 
microorganisms are unable to degrade lignin (Benner et al., 1984). Accordingly, the lignocellulose 
component of the inherent nature of the substrate greatly influences the biodegradability and the 
methane recovery.  
Previous studies have investigated the anaerobic digestibility of wide variety of terrestrial 
plant biomass and lignocellulosic residue derived from terrestrial plants such as grass 94-432 mL-
CH4 g-VS-1 (Triolo et al., 2011; Xie et al., 2011; Frigon et al., 2012); fruit 191-523 mL-CH4 g-VS-1 
(Gunaseelan, 2007; Zhang et al., 2013b); vegetable 175-400 mL-CH4 g-VS-1 (Gunaseelan, 2007; 
Chen et al., 2014b); paper residue 170-238 mL-CH4 g-VS-1 (Lin et al., 2009; Teghammar et al., 2010); 
wood processing residue 129 mL-CH4 g-VS-1 (Yao et al., 2013). From these previous researches, it 
has been reported that the methane recovery of terrestrial wood, herbaceous plants, fruits and 
vegetables is limited mainly by the lignin content (Gunaseelan, 2007; Triolo et al., 2011; Frigon et 
al., 2012). However, the chemical composition in relation to the methane recovery of aquatic 
macrophytes has never been investigated yet. Previous studies have investigated mainly on anaerobic 
digestion of floating macrophytes such as water hyacinth and emergent macrophytes such as bulrush, 
while the knowledge about anaerobic digestion of submerged macrophytes is limited (Table 1-1). 
Among aquatic macrophytes, only submerged macrophytes are “true water plant” since their whole 
body including leaves, stems and roots are submersed under water. In order to adapt to the aquatic 
environment, submerged macrophytes lacks or has little mechanical strength, cuticle and stomata on 
the surface, and has internal air-filled cavities to provide oxygen to themselves (Herdendorf et al., 
2006). Thus anaerobic digestibility of submerged macrophyte could be significantly different from 
other plant biomass.  
Substrates with slow degradation rate and/or low methane recovery are generally regarded 
as unsuitable for anaerobic digestion. Hence, pre-treatment should be applied to improve the methane 
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recovery to recalcitrant macrophyte species for stable anaerobic digestion. For improving feedstock 
degradability and microbial metabolic rate, application of pre-treatments have widely been attempted 
to various plant biomass. Amongst others, chemical pre-treatment is noted as the most promising 
methods in terms of rapid and highly-efficient disruption of rigid chemical structure of lignocellulose 
(Taherzadeh and Karimi, 2008; Hendriks and Zeeman, 2009; Carrere et al., 2016). The enhancement 
of CH4 recovery by chemical pre-treatment has been reported for terrestrial herbaceous plants (Xie et 
al., 2011; Monlau et al., 2012; Chen et al., 2014b). On the other hand, it has been pointed out that 
toxic compounds such as dissolved lignin can be co-produced during thermal or chemical pre-
treatment, and the inhibitory effect has been reported in several biological process such as hydrogen 
fermentation (Cao et al., 2010; Quéméneur et al., 2012) and methanogenesis step of anaerobic 
digestion (Field and Lettinga, 1987; Kayembe et al., 2013). To date, most studies have focused only 
on the enhancement of CH4 recovery by pre-treatment, and no studies have investigated the toxic 
effect of pre-treatment by-product directly derived from lignocellulosic biomass on anaerobic 
digestion process. In addition, most studies have been performed pre-treatment + anaerobic digestion 
of lignocellulosic biomass only in batch mode, although continuous (or semi-continuous) mode 
should be operated in order to truly predict the digestibility, process stability and inhibitory effect in 
full-scale anaerobic digesters. Therefore, in order to stably treat submerged macrophyte in anaerobic 
digestion, the effect of chemical pre-treatment on the digestion process should be elucidated. 
 
1.4. Objectives  
The overall research aim of this Ph.D. thesis is to examine anaerobic digestion process of 
submerged macrophytes and to enhance the anaerobic digestibility by chemical pre-treatment. The 
specific objectives were: (1) to reveal the relationship between chemical composition and anaerobic 
digestibility of five submerged macrophyte species which are excessively propagated and dominant 
in Lake Biwa (Chapter II); (2) to examine the effect of alkaline pre-treatment on anaerobic digestion 
 8 
 
 
of recalcitrant submerged macrophytes (Chapter III); (3) to evaluate the effect of alkali pre-treatment 
on semi-continuous anaerobic digestion of recalcitrant submerged macrophyte (Chapter IV). 
Thereafter, based on the obtained results in Chapter II to IV, the feasibility of alkaline pre-treatment 
with anaerobic digestion process of submerged macrophyte in full scale was evaluated in terms of 
cost and heat energy balance and the prospective process optimization were proposed as general 
discussion in Chapter V.  
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Fig. 1-1. Map of Lake Biwa. The sampling stations were shown by ★. 
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Fig. 1-2. Increase of submerged macrophytes in the southern basin of Lake Biwa 
(Haga 2010).
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Fig. 1-5. The degradation process of organics during anaerobic 
digestion (McCarty and Smith 1986).
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Fig. 1-6. Lignocellulose structure of plant cell.
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Chapter II 
Chemical composition and anaerobic digestibility of  
five submerged macrophyte species dominant in Lake Biwa 
 
2.1. Introduction 
Aquatic macrophyte can be classified into three categories depending on their vegetation type: 
floating, emergent and submerged. A number of previous studies reported that the methane yields of 
floating, emergent and submerged macrophytes greatly varied depending on the species from 38 to 
333 mL g-VS-1 (Table 1-1). In general, hydrolysis of lignocellulose is a limiting step during anaerobic 
digestion of vascular plant biomass, since recalcitrant lignin protects cellulose and hemicellulose 
against microbial/enzymatic attack by coating them (Taherzadeh and Karimi, 2008). Lignin is 
scarcely degraded under anaerobic digestion, demonstrating only 2-17% of methane conversion 
efficiency even after 300 days of digestion (Benner et al., 1984; Tuomela et al., 2000; Barakat et al., 
2012). It is known that the lignin content of terrestrial gymnosperms, angiosperms and herbaceous 
plants are 27-30%, 20-25% and 5-20%, respectively (McKendry, 2002). Indeed, previous studies have 
already reported that the methane recovery of terrestrial woody and herbaceous plants is regulated by 
the lignin content (Gunaseelan, 2007; Triolo et al., 2011; Frigon et al., 2012). However, the chemical 
composition in relation to the methane recovery of aquatic macrophytes, especially submerged 
macrophytes, has not been investigated yet. The body structure of submerged macrophytes is 
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significantly different from other plants. Submerged macrophytes have more flexible and softer body 
structure in order to adapt to the water flow, while terrestrial herbaceous plants and floating and 
emergent macrophytes normally have more rigid body, since they are predominantly emerged from 
water (Asaeda et al., 2005). Indeed, total phenolic content of submerged macrophytes is lower than 
that of other aquatic macrophytes (Smolders et al., 2000). In addition, submerged macrophytes have 
much thinner leaves and waxy cuticle as compared to terrestrial plants, since they do not need to 
prevent water loss from their body surface (Herdendorf et al., 2006). Thus the methane yield from 
submerged macrophyte is expected to be different from other type of plants.  
In this chapter, the relationship between chemical composition and anaerobic digestibility of five 
dominant submerged macrophyte species Ceratophyllum demersum, Egeria densa, Elodea nuttallii, 
Potamogeton maackianus and Potamogeton malaianus collected from Lake Biwa was investigated. 
Eg. densa and El. nuttallii are widely known as invasive species in many countries (Yarrow et al., 
2009; Muñoz Escobar et al., 2011) and accounts for 13% and 6% of the total phytomass in Lake Biwa, 
respectively (Table. 2-1) (Haga and Ishikawa, 2011). C. demersum, P. maackianus and P. malaianus 
are native species in Japan and accounts for 6%, 56% and 4% of the total phytomass, respectively. In 
the present study, batch anaerobic digestion tests of these five macrophyte species were conducted. 
 
2.2. Materials and Methods 
2.2.1. Substrates and Inoculum 
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For the substrate, five dominant submerged macrophyte species C. demersum, Eg. densa, El. 
nuttallii, P. maackianus and P. malaianus were harvested from the Southern Basin of Lake Biwa, 
Shiga Prefecture, in Japan (Fig. 2-1). Fresh macrophyte samples were roughly shredded to the particle 
size of approximately 0.5 - 1.5 cm and preserved at -20ºC for the experiment. Before the batch 
anaerobic digestion and chemical component analysis, substrates were defrosted at room temperature. 
For the inoculum of batch anaerobic digestion, mesophilic anaerobic sludge treating domestic sewage 
was used. The anaerobic sludge was obtained from full-scale biogas plant (6,800 m3) treating 
domestic sewage from Hokubu Sludge Treatment Center, Yokohama, Japan. The obtained sludge was 
preserved at 37ºC for 2 days before batch anaerobic digestion, in order to digest the sewage sludge 
left in the inoculum. 
 
2.2.2. Batch Anaerobic Digestion of Submerged Macrophytes 
Batch anaerobic digestion was performed at mesophilic temperature of 37 ± 1°C in a 
temperature controlled laboratory for 14 days. The mix ratio of the substrate to the inoculum was 
adjusted to 1:2 based on volatile solids (VS) contents, and the mixture was loaded to 500 mL 
Erlenmeyer flask. The batch reactors were sealed by silicon stopper with two sampling ports to allow 
gas and slurry samples to be collected. 1-L aluminum gas bag (GL Sciences, AAK-2, Japan) was 
attached for the biogas collection. The batch reactors were purged with N2 to make anaerobic 
environment in the reactor. pH was not controlled throughout the operational period. The reactors 
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were constantly agitated at 100 rpm using a shaker (Taitec, NR-150, Japan). All experiments were 
conducted in triplicate for El. nuttallii, Eg. densa, P. maackianus, P. malaianus and blanks, and 
duplicate for C. demersum. The methane yield of inoculum was also measured as blank, and 
subtracted from that of each reactor to determine the methane yield from submerged macrophytes. 
 
2.2.3. Analysis Parameters  
pH, total solids (TS), VS, chemical oxygen demand (COD), lignocellulose and biogas (CH4, 
CO2) were measured. The pH of the samples was measured using a pH meter (Horiba, B-212, Japan). 
Standard methods from American Public Health Association (1998) were applied to the analysis of 
TS, VS and COD. Lignocellulose (cellulose, hemicellulose and lignin) content was measured by 
detergent system (Van Soest et al., 1991) using fiber analyzer (Ankom, A-200, USA).  
Lignin composition was analyzed using GC/MS by following the method of Clifford et al. 
(1995). Lignin phenols were derivatized from the dried samples using tetramethylammonium 
hydroxide (TMAH). The present study measured 11 lignin phenols: vanillin, acetovanillin, vanillic 
acid, syringaldehyde, acetosyringone, syringic acid, p-hydroxybenzaldehyde, p-hydroxyacetophen- 
one, p-hydroxybenzoic acid, p-coumaric acid and ferulic acid (Fig. 2-2). For a standard solution, each 
lignin phenol was dissolved in methanol to be 200 μg mL-1. Standard solution or 3-5 mg of dried 
sample was mixed with 150 μL TMAH reagent (25% w/w, in methanol) in a 10 mL ampule. For an 
internal standard, 100 μg mL-1 of n-C19 FA (D) was added to each ampule. After removal of methanol 
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by N2 stream, the ampule was vacuumed and sealed, and heated at 300ºC for 30 min. Ampules were 
cooled to room temperature and the TMAH derivatives were extracted with 1 mL ethyl acetate. The 
ethyl acetate was evaporated under reduced pressure and dissolved in 100 μL ethyl acetate. The lignin 
phenol contents were identified by GC/MS (Agilent Technologies, 6890N GC/5973MS, USA). The 
GC was fitted with a DB-5MS capillary column (30 m long, 0.25 mm I.D., 0.25 μm film thickness). 
The temperature of injector and ion source were maintained at 310ºC and 230ºC, respectively. The 
oven temperature was gradually increased from 60ºC to 310ºC. The temperature of ion source and 
quadrupole in the mass spectrometry were maintained at 230ºC and 150ºC, respectively. Helium was 
used as carrier gas with the flow rate of 1.0 mL min-1.  
Biogas collected in the gas bag was quantified using 50 mL disposable syringe under room 
temperature. Biogas was monitored using a gas chromatograph (Shimadzu, GC-2014, Japan) 
equipped with a packed column (Shimadzu, Shincarbon ST, 6.0 m long, 3 mm I.D., Japan) and a 
thermal conductivity detector. For the calibration, standard gases (H2, O2, N2, CH4, CO2: purity 
>99.9%, Taiyo Nippon Sanso Corp., Japan) were used. The temperature of injector and detector were 
maintained at 120ºC and 260ºC, respectively. The column temperature was gradually increased from 
40ºC to 250ºC. Helium was used as carrier gas with the flow rate of 40 mL min-1. 
 
2.2.4. Calculation 
A COD-based methane conversion efficiency of the submerged macrophyte after batch 
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anaerobic digestion was calculated as follows;  
Methane conversion efficiency (%-COD) = 
CODCH4 CODtotal  × 100       (1) 
 
where CODCH4 (g-COD) is the COD converted to methane from submerged macrophytes, and COD 
total (g-COD) is the total COD loaded to the batch reactor as a substrate. The methane yield can be 
expressed as the loss of COD, which is calculated as follows; 1 g-COD = 350 NmL-CH4 (Speece, 
1996). 
 
2.3. Results and Discussion 
2.3.1. Chemical Composition of Submerged Macrophytes 
The organic solid and lignocellulose content of submerged macrophyte significantly varied with 
species (Table 2-2). The lignin content of P. maackianus was the highest (20.7%-TS) among five 
species, which is 1.3 times, 1.7 times, 5.3 times and 6.5 times higher than that of C. demersum (15.8%-
TS), P. malaianus (12.2%-TS), Eg. densa (4.4%-TS) and El. nuttallii (3.2%-TS), respectively. 
Interestingly, the lignin content of native species (P. maackianus, P. malaianus, C. demersum) was 
considerably higher than that of invasive species (Eg. densa, El. nuttallii). Eg. densa and El. nuttallii 
are widely known to have strong invasive capacity by its fast growth rate (Yarrow et al., 2009; Muñoz 
Escobar et al., 2011). Poorter et al., (1992) investigated the chemical composition of 24 wild plant 
species and found that fast-growing species had lower lignin and hemicellulose content as compared 
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with slow-growing species. Since body rigidity of plant biomass is determined mainly by the lignin 
content, it was indicated that Eg. densa and El. nuttallii have more flexible body structure than three 
other native species possibly due to their fast growing characteristic. 
The composition of lignin significantly varies with plant types and/or tissues (Hedges and Mann, 
1979; del Río et al., 2007). Fig. 2-2 shows the classification of lignin types. Lignin is amorphous 
polyphenol consists of three different phenylpropane unit forming extremely complex three-
dimensional structure; guaiacyl (G) lignin, syringyl (S) lignin, and p-hydroxyphenyl (H) lignin. 
Generally, hardwoods are characterized by the dominance of S and G lignin, while softwoods contain 
relatively few S lignin. Within the hardwood, non-woody tissues such as leaf and pollen, and 
herbaceous plants are known to have abundant H lignin as well as G and S lignin. In addition to these, 
lignin in herbaceous plant and/or non-woody portion of softwood and hardwood contains 
hydroxycinnamic acids (ferulic acid and p-coumaric acid), which has ester bonds and are cross-linked 
to polysaccharides and lignin polymer (Sun et al., 1997; Buranov and Mazza, 2008; Sonoda et al., 
2010). del Rio et al. (2007) conducted GC/MS analysis for determination of lignin composition of 
five non-woody plants and reported that the lignin composition greatly varied with species. Table 2-
3 shows the TMAH-derivatized lignin composition of each submerged macrophyte species. All five 
macrophyte species contained G, S and H lignin and hydroxycinnamic acids, which are characteristic 
of herbaceous plant and/or non-woody tissue of vascular plants. Rabemanolontsoa and Saka (2012) 
also confirmed that submerged macrophytes contain these four types of lignin, although the 
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derivatization method and lignin classification is different. In the present study, the S/G lignin ratio 
of submerged macrophytes ranged from 0.2 to 0.9 depending on species. These S/G ratio are similar 
with flax (0.4) and hemp (0.8), but these values are considered to be fairly low, as compared with 
other plant biomass such as jute (1.7), abaca (2.9) and sisal (3.4) (del Río et al., 2007). In general, 
low S/G lignin ratio implies lower delignification rate and higher alkali consumption during alkaline 
delignification process, suggesting lignin polymers of submerged macrophytes are relatively resistant 
against chemicals. In contrast, the content of hydroxycinnamic acids was abundant in all submerged 
macrophyte species, accounting for 27.2 to 59.4% of all lignin phenols (Table 2-3). Ferulic acid is 
attached to lignin polymer with alkali-stable ether bonds and to hemicellulose with alkali-labile ester 
bonds (Ralph et al., 1995). In contrast, p-coumaric acid is ester-linked and ether-linked with lignin 
polymer. Since alkali can easily cleave ester linkage (Hartley and Morrison, 1991), application of 
alkali can induce the removal of lignin polymer-ferulic acid complex from the surface of 
polysaccharides. Accordingly, it is suggested that alkaline pre-treatment may have a great potential 
for effective delignification of lignin-rich submerged macrophyte species such as P. maackianus.  
 
2.3.2. CH4 Production Rate and CH4 yield 
The pH is an important parameter for stable operation of anaerobic digestion process, since the 
value strongly depends on the accumulation of volatile fatty acids (VFAs) and buffering capacity. The 
pH variation during the batch anaerobic digestion of submerged macrophytes was shown in Fig. 2-3. 
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In all submerged macrophyte species, the pH dropped from 7.7 – 7.9 on day 0 to 7.4 – 7.6 on day 1 
or 2. This result suggests relatively rapid hydrolysis and acidogenesis occurred from cytoplasm and/or 
lignocellulose of submerged macrophytes. The pH started to recover from day 3 and reached 8.0 – 
8.1 on day 10 in all macrophytes, indicating the bio-gasification of produced VFAs.  
Fig. 2-4 (A) shows the methane production rate of roughly-shredded submerged macrophytes. 
The methane production of C. demersum, El. nuttallii, Eg. densa, P. maackianus and P. malaianus 
rapidly occurred from day 1. The methane production rate peaked on day 3 for El. nuttallii (116.0 ± 
2.8 mL g-VS-1 day-1), day 2 for Eg. densa (79.9 ± 13.3 mL g-VS-1 day-1) and day 1 for C. demersum 
(80.4 mL g-VS-1 day-1), P. maackianus (37.2 ± 1.4 mL g-VS-1 day-1) and P. malaianus (73.6 ± 16.0 
mL g-VS-1 day-1), respectively. After day 3, the methane production rate of all macrophytes rapidly 
decreased and the generation of methane mostly completed in 7 to 14 days. The rapid biogasification 
was demonstrated probably by the biodegradation of intracellular soluble organic matter (e.g. 
cytosols) and/or the accessible cellulose and hemicellulose exists in the cell wall.  
The VS-based cumulative methane yield and COD-based methane conversion efficiency 
greatly varied with submerged macrophyte species (Fig. 2-4 (B), Table 2-4). The methane yield and 
methane conversion efficiency of El. nuttallii was 360.8 mL g-VS-1 and 61.4%-COD, indicating this 
species was relatively labile. Muñoz Escobar et al. (2011) obtained the similar results of 
approximately 333 mL g-VS-1. This result confirms El. nuttallii is highly feasible for anaerobic 
digestion. Eg. densa, P. malaianus and C. demersum were also labile, yielding 287.1 mL g-VS-1 
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(60.6%-COD), 277.5 mL g-VS-1 (72.2%-COD) and 249.2 mL g-VS-1 (57.1%-COD), respectively. 
The VS-based methane yield of Eg. densa, C. demersum and P. malaianus was relatively high as 
compared to most of other aquatic macrophytes conducted in the previous studies. In addition, TS-
based and wet weight based methane yields of these four macrophyte species were higher than the 
reported aquatic macrophytes (Table 2-4). These results indicated that the four macrophyte species 
were also labile and applicable to anaerobic digestion. Contrary to other four macrophytes, P. 
maackianus was relatively recalcitrant, showing the total methane yield and methane conversion 
efficiency of 161.2 mL g-VS-1 and 33.9%-COD, respectively. This result showed that P. maackianus 
is not preferable substrate for anaerobic digestion without the application of some pre-treatments.  
 
2.3.3. Relationship between CH4 recovery and lignocellulose content 
Fig. 2-5 demonstrated the relationship between lignocellulose component (TS or VS based) and 
the cumulative CH4 yield of submerged macrophytes obtained in the present study. It was clearly 
demonstrated that the higher CH4 yield was obtained from submerged macrophytes when the lignin 
and hemicellulose content is low, and vice versa. In TS-base, the CH4 yield was significantly 
correlated with lignin and hemicellulose content (p<0.05). In VS-base, the CH4 yield was 
significantly correlated with hemicellulose content (p<0.05), and the correlation was marginally 
significant with lignin content (p<0.10). On the other hand, cellulose content did not show any 
significant relationship with the CH4 yield. In anaerobic digestion, hemicellulose is easily 
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hydrolysable (Hendriks and Zeeman, 2009; Barakat et al., 2012; Monlau et al., 2015), while lignin is 
recalcitrant (Benner et al., 1984). Therefore, it was suggested that the anaerobic digestibility of 
submerged macrophytes is regulated by the lignin content of the inherent nature of the substrate. Note 
that the number of samples (n=5) should be increased to validate this relationship, by examining 
different submerged macrophyte species, and/or macrophytes obtained from different location or 
season.  
Fig. 2-6 summarized the CH4 yield of submerged macrophytes obtained in the present study 
and other biomass from literatures, in relation with TS or VS based lignocellulose component. Among 
three lignocellulose components, the results of the present study was fitted well on the lignin-CH4 
correlation of other plant biomass in both TS-base (Y= -13.0x + 445.3, n=44, R2= 0.584, p<0.001) 
and VS-base (Y=-11.3x+441.2, n=44, R2=0.562, p<0.001). Previous studies have reported that lignin 
content of the substrate influences the methane recovery (Gunaseelan, 2007; Triolo et al., 2011; 
Frigon et al., 2012). Triolo et al. (2011) examined the correlation between total methane yield and 
several different chemical components of various energy crops and manure, and reported that lignin 
content was most significantly correlated with methane yield, as compared with cellulose, neutral 
detergent fiber (NDF: cellulose + hemicellulose + lignin + ash) and acid detergent fiber (ADF: 
cellulose + lignin + ash) contents. The present study confirmed that the lignin content of submerged 
macrophyte greatly varies with species and affects the anaerobic digestibility, as well as other 
terrestrial woody and herbaceous plants, fruits, and vegetables. Thus it was suggested that the lignin 
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content can be used for the prediction of anaerobic digestibility of submerged macrophytes.  
The present study indicated that El. nuttallii, Eg. densa, P. malaianus and C. demersum are 
feasible for anaerobic digestion owing to the high methane recovery, whereas P. maackianus is not 
preferable for anaerobic digestion due to high content of lignin. A number of studies have reported 
that lignin is scarcely degraded under anaerobic digestion, demonstrating only 2-17% of methane 
conversion efficiency even after 300 days of digestion (Benner et al., 1984; Tuomela et al., 2000; 
Barakat et al., 2012). Accordingly, it is assumed that delignification pre-treatment such as alkaline 
pre-treatment may be effective for P. maackianus in order to obtain the sufficient methane recovery. 
 
2.4. Conclusions 
In Chapter II, the chemical composition and the anaerobic digestibility of five submerged 
macrophytes species were investigated. The lignin content of the submerged macrophyte widely 
ranged depending on species from 3.2 to 20.7%-TS. All macrophytes contained G, S and H lignin 
and hydroxycinnamic acids, which indicates the lignin of submerged macrophytes was similar to 
herbaceous plant and/or non-woody tissue of vascular plants. The total methane yield of submerged 
macrophytes greatly varied from 161.2 to 360.8 mL g-VS-1 depending on species (El. nuttallii > Eg. 
densa > P. malaianus > C. demersum > P. maackianus). The present study revealed that the methane 
recovery of submerged macrophytes is regulated by the lignin content, as well as other lignocellulosic 
biomass. For the lignin-rich macrophyte (i.e. P. maackianus), the application of delignification pre-
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treatments is recommended to make this species feasible for anaerobic digestion. 
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Biomass in Southern basin
(ton-dwt)
Composition
(%-total)
Potamogeton maackianus 5370 55.8 
Egeria densa 1211 12.6 
Ceratophyllum demersum 1194 12.4 
Elodea nuttallii 555 5.8 
Potamogeton malaianus 342 3.6 
Hydrilla verticillata 547 5.7 
Vallisneria asiatica 202 2.1 
Myriophyllum spicatum 200 2.1 
Others 1 0.0 
Filamentous algae 726 7.5 
Table 2-1. Biomass and composition of submerged macrophytes in Southern basin of 
Lake Biwa in September, 2007 (cited from Haga and Ishikawa 2011).
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Table 2-4. Cumulative CH4 yields and COD-based CH4 conversion efficiency from 
submerged macrophytes. All data was obtained by batch anaerobic digestion. 
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Submerged macrophyte CH4 yield(mL g-VS-1)
CH4 yield
(mL g-TS-1)
CH4 yield
(mL g-wwt-1)
CH4 conversion 
efficiency
(%-COD)
Ceratophyllum demersum 249 191 12.2 57.1
Elodea nuttallii 361 299 20.9 61.4
Egeria densa 287 234 11.5 60.6
Potamogeton maackianus 161 136 13.2 33.9
Potamogeton malaianus 278 156 14.2 72.2
http://plants.minibird.jp/
Elodea nuttallii Egeria densa
Potamogeton malaianus Ceratophyllum demersum
Potamogeton maackianus
Fig. 2-1. Submerged macrophytes used in the present study.
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Fig. 2-2. Lignin polymer structure and lignin phenols exist in plant biomass.
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Fig. 2-3. pH variation during batch mesophilic anaerobic digestion of 
submerged macrophytes.
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Fig. 2-4. CH4 production rate (A) and cumulative CH4 yield (B) of submerged 
macrophytes during batch mesophilic anaerobic digestion.
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Fig. 2-5. Relationship between lignocellulose component and the CH4 yield of submerged 
macrophyte in mesophilic batch anaerobic digestion. (A) cellulose (TS-based, Y= 0.3x + 
257.4, n= 5, R2= 0.001, p=0.953), (B) hemicellulose (TS-based, Y= -813.3x +321.8, n= 5, 
R2= 0.831, p=0.031), (C) lignin (TS-based, Y= -8.8x +365.8, n=5, R2= 0.833, p=0.031), 
(D) cellulose (VS-based, Y= 1.2x +218.0, n=5, R2= 0.012, p= 0.862), (E) hemicellulose 
(Y=  -10.9x + 323.1, n=5, R2= 0.825, p=0.033), (F) lignin (Y= -5.9x + 360.0, n=5, 
R2=0.659, p= 0.095).
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Fig. 2-6. Relationship between lignocellulose component and the CH4 yield of submerged 
macrophyte other plant biomass in mesophilic batch anaerobic digestion. (A) cellulose (TS-
based, Y= = -3.5x + 427.0, n= 44, R2= 0.146, p=0.011), (B) hemicellulose (TS-based, Y= 
1.1x + 281.0, n=19, p= 0.563), (C) lignin (TS-based, Y= -13.0x + 445.3, n=44, R2= 0.584, 
p<0.001), (D) cellulose (VS-based, Y= -3.1x + 430.3, n=44, R2= 0.173, p= 0.006), (E) 
hemicellulose (Y= 1.2x + 270.8, n=19, R2= 0.047, p=0.375), (F) lignin (Y= -11.3x + 441.1, 
n=44, R2=0.562, p<0.001). (■) = Present study,  (○) = Aquatic weeds (Chen et al. 2010; 
Wang et al. 2010), (    ) = Herbaceous plants (Gunaseelan 2007; Triolo et al. 2011; Xie et al. 
2011; Frigon et al. 2012), (△) = Fruits and vegetable waste (Gunaseelan 2007).
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Chapter III 
Effect of alkaline pre-treatment on anaerobic digestibility of 
lignin-rich submerged macrophyte 
 
3.1. Introduction 
Lignocellulosic biomass is considerably recalcitrant for biological degradation mainly due to 
the lignin barrier on cellulose and hemicellulose. The methane production potential and 
biodegradability of submerged macrophytes were investigated in Chapter II of the present study. It 
was found that one of the most dominant submerged macrophyte P. maackianus was the most 
recalcitrant for anaerobic digestion due to the high content of lignin. Accordingly, pre-treatment to 
effectively destruct the lignin coating should be applied to obtain the sufficient methane recovery. 
A number of pre-treatment methods have been applied to improve the hydrolysis of 
lignocellulose (Taherzadeh and Karimi, 2008). These methods are classified into three categories: 
physical pretreatment, biological pretreatment and chemical pretreatment. Physical pre-treatment is 
known as the effective method in terms of short treatment time. Different types of physical processes 
such as mechanical shredding and grinding, steam explosion and irradiation (e.g. microwaves) has 
been used (Taherzadeh and Karimi, 2008; Hendriks and Zeeman, 2009; Carrere et al., 2016). Most 
physical pre-treatment aims to disrupt plant cells for enhancing the accessible surface area and to alter 
cellulose crystallinity. However, physical pre-treatment does not enhance lignocellulose digestibility, 
since lignin-carbohydrate chemical bonding is difficult to cleave only by mechanical forces. Zhang 
(1999) conducted anaerobic digestion of rice straw and recommended the combination of mechanical 
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size reduction with thermochemical pre-treatment (heating with ammonia), since size reduction alone 
did not improve the methane recovery. On the other hand, biological pre-treatment can degrade lignin 
and hemicellulose by using microorganisms such as white-rot fungi (Srilatha et al., 1995; Dhouib et 
al., 2006). The main advantages of the biological pre-treatment are low energy consumption and no 
chemical requirement. Taniguchi et al. (2005) reported selective lignin degradation of rice straw by a 
white-rot fungi Pleurotus ostreatus, followed by the enhancement of cellulose enzymatic hydrolysis. 
However, the treatment time is very long, taking up to several months (Srilatha et al., 1995; Sun and 
Cheng, 2002).  
Chemical pre-treatment can degrade the component of lignocellulose (lignin, hemicellulose and 
cellulose) by cleaving the physical/chemical bonding of each component. A variety of chemicals such 
as acids (e.g. sulfuric acid, hydrochloric acid) and alkali (e.g. sodium hydroxide, calcium hydroxide) 
have been applied to lignocellulosic biomass (Lavarack et al., 2002; Fernandes et al., 2009; Xie et al., 
2011; Badshah et al., 2012). Alkali pre-treatment is noted as an effective pre-treatment method for 
anaerobic digestion of lignocellulosic biomass, mainly due to the strong delignification ability (Gierer, 
1985; Hendriks and Zeeman, 2009; Zhu et al., 2010). Previous studies about alkaline pre-treatment 
coupled with anaerobic digestion has investigated terrestrial herbaceous plants (He et al., 2009; Lin 
et al., 2009; Nieves et al., 2011; Sambusiti et al., 2013b; Chen et al., 2014b; Costa et al., 2014; 
Taherdanak and Zilouei, 2014; Chufo et al., 2015) (Table 3-1). Xie et al. (2011) reported that 
alkaline pre-treatment enhanced the CH4 yield of grass silage from 325.8 to 452.5 mL g-VS-1 at 100ºC, 
NaOH loading rate of 7.5% (w/w) against the VS of the substrate. For aquatic macrophytes, alkaline 
pre-treatment was applied to co-digestion of water hyacinth (floating macrophyte) and cow manure 
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(Patel et al., 1993), and two-stage (H2 - CH4 fermentation) anaerobic digestion process of water 
hyacinth (Cheng et al., 2010). However, no studies have investigated the effect of alkaline pre-
treatment on lignocellulose degradation and CH4 recovery of aquatic macrophytes.  
It is known that the degradability of lignin by chemicals depends on the composition of lignin 
(Buranov and Mazza, 2008). As described in the previous chapter, lignin polymer consists of four 
different phenylpropane unit (G, S and H lignin and hydroxycinnamic acids) and only 
hydroxycinnamic acids have alkali-labile ester bonds, and other bonds such as ether bond are 
relatively registrant against chemicals (Buranov and Mazza, 2008, Fig. 3-1). In Chapter II, it was 
revealed that submerged macrophytes in Lake Biwa contained substantial amount of 
hydroxycinnamic acids, which accounts for 27.2 to 59.4% of total lignin phenols. Accordingly, 
submerged macrophytes are expected to be easily delignified by using alkali under relatively mild 
pre-treatment conditions (e.g. low temperature, low alkali dose and short treatment time), as 
compared with woods. Thus the effect of alkali on lignocellulose degradability and CH4 recovery of 
submerged macrophytes may be significantly different from other plants. 
On the other hand, it is known that chemical and/or physical pre-treatment of lignocellulosic 
biomass not only improves biomass degradability by altering the rigid lignocellulosic structure, but 
also can produce pre-treatment by-product, which influence the microbial and enzymatic activity. 
Therefore, alkaline pre-treatment may cause adverse effect on anaerobic digestion of submerged 
macrophytes. Furans (furfural and 5-hydroxymethylfurfural) and phenolics (e.g. dissolved lignin and 
tannin) are known as possible inhibitor for several biological process such as hydrogen fermentation 
(Cao et al., 2010; Quéméneur et al., 2012). For anaerobic digestion, it has been reported that furans 
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have no inhibitory effect (Barakat et al., 2012), while phenolic monomers including lignin model 
compound inhibited methanogenesis step (Sierra-Alvarez and Lettinga, 1991a; Sierra-alvarez and 
Lettinga, 1991b; Kayembe et al., 2013). The inhibition mechanism of dissolved lignin on 
methanogenesis has not been fully elucidated, but it has been proposed that phenolics such as 
dissolved lignin can directly inhibit microbial cells by its high hydrophobicity (Kayembe et al., 2013), 
type of substituents on aromatic ring (Sierra-Alvarez and Lettinga, 1991a) and molecular weight 
(Sierra-Alvarez and Lettinga, 1991b; Yin et al., 2000). However, these knowledges are obviously not 
adequate for understanding the toxic effect of dissolved lignin on anaerobic digestion of 
lignocellulosic biomass, since the inhibitory effect on hydrolysis and acidogenesis step are not taken 
into account, although it is crucial to concern. To date, the toxicity of dissolved lignin on each 
anaerobic digestion steps has never been investigated. 
The objective of Chapter III was to investigate the effect of alkaline pre-treatment on anaerobic 
digestion of submerged macrophytes. The present study used two dominant submerged macrophyte 
species in Lake Biwa, which have remarkably different lignin content. Potamogeton maackianus is a 
lignin-rich indigenous macrophyte species which is dominated approximately 56% in Lake Biwa 
(Haga and Ishikawa, 2011). An invasive species Egeria densa (dominance 11%) was also used to 
compare/contrast the results with P. maackianus, since the lignin content of Eg. densa is much lower 
than P. maackianus (Koyama et al., 2014). In the present study, chemical hydrolysis test and batch 
anaerobic digestion test of submerged macrophytes after alkaline pre-treatment were conducted. The 
toxic effect of dissolved lignin on anaerobic digestion process (methanogenesis, acidogenesis and 
hydrolysis) was also investigated.  
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3.2. Materials and Methods 
3.2.1. Substrates and inoculum 
P. maackianus and Eg. densa were harvested from the Southern Basin of Lake Biwa, Shiga 
prefecture, Japan. Fresh macrophytes were shredded to the particle size of 0.5-1.5 cm and preserved 
at -20ºC for the experiment. The chemical components were shown in Table 3-2. The lignin content 
of P. maackianus was 20.7%-TS, which was more than fourfold as compared with Eg. densa. For the 
inoculum of batch anaerobic digestion test, the mesophilic anaerobic sludge was obtained from 
Hokubu Sludge Treatment Center, Yokohama, Japan. The totals solids (TS) and volatile solids (VS) 
contents of the sludge were 3.0%-wwt and 2.1%-wwt, respectively. The anaerobic sludge was 
degassed at 37ºC for 2 days before batch anaerobic digestion test, to digest the residual organics left 
in the inoculum. 
 
3.2.2. Hydrolysis test of submerged macrophytes using alkaline pre-treatment 
Alkaline pre-treatment was conducted on P. maackianus and Eg. densa in order to investigate 
the optimum pre-treatment conditions. The NaOH loading rate over total solids (TS) of the substrate 
was 0, 0.025, 0.05, 0.1, 0.2 g g-TSsubstrate-1, respectively. 10.0 g-wwt of substrate was added with 10.0 
mL of NaOH solution to 50 mL centrifuging tubes. Previous studies have investigated a wide range 
of pre-treatment temperature of 50 to 150ºC (Xie et al., 2011; Monlau et al., 2012). However, low 
temperature below 100ºC should be more preferable since production of inhibitory substances may 
occur at high temperature (Ferrer et al., 2010). In the present study, the substrates with the NaOH 
solution were heated in a convection oven (EYELA, WFO-700, Japan) at two different temperature 
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(60 and 80ºC), for four different treatment time (0.5, 1.0, 2.0 and 3.0 h), respectively. For P. 
maackianus at NaOH 0.2 g g-TSsubstrate-1 and 80°C, 4.0 and 5.0 h was also conducted. After heating, 
substrates were immediately centrifuged at 25ºC, 5,000 rpm for 10 minutes by using high-speed 
centrifugation (KUBOTA, Compact high speed refrigerated centrifuge 6500, Japan). The supernatant 
was filtered through 0.45 µm glass-fiber filter paper (ADVANTEC, GC-50, 47 mm, Japan) and 
preserved at -20°C in the freezer until the chemical analysis. The solid residues were rinsed with 1 M 
H2SO4 aq. and distilled water for neutralization and dried in the convection oven at 60°C for more 
than 24 hours. The dried residue was finely milled to pass the sieve pore of 1.0 mm and used for 
lignocellulose analysis. All experiments were conducted in triplicate.  
 
3.2.3. Batch anaerobic digestion test of pre-treated macrophytes  
Pre-treated and un-treated submerged macrophytes were anaerobically digested in a batch mode, 
by using the same method described in Chapter II. P. maackianus and Eg. densa were pre-treated at 
80ºC, NaOH 0.1 and 0.2 g g-TSsubstrate-1 for 3.0 h, followed by neutralization to around pH 7 using 
HCl. The CH4 yield of inoculum was also measured and subtracted from the results. Substrate to 
inoculum ratio was adjusted to 1 to 2 based on VS. 500 mL flask was used for the batch reactors, and 
the reactors were purged with N2 to make anaerobic environment and sealed by silicon stopper. 
Produced biogas was collected using 1-L aluminum gas bag (GL Sciences, AAK-2, Japan). A shaker 
(TAITEC, NR-150, Japan) was used to agitate the reactors at 100 rpm. Batch anaerobic digestion test 
was performed at 37 ± 1°C in triplicate for 14 days.  
 
 45 
 
3.2.4. Methanogenic and acidogenic/hydrolysis toxicity test of dissolved lignin 
3.2.4.1. Lignin extraction/purification 
Dissolved lignin was extracted from alkali pre-treatment liquor of P. maackianus at pre-
treatment condition of NaOH 0.2 g g-TSsubstrate-1, 80°C for 3.0 h, and was purified by Dioxane 
extraction method (Björkman, 1957). For the detailed protocol, the method described by Lei et al. 
(2013) and Zhang et al. (2013) was consulted in the present study. The purification steps of dissolved 
lignin were described in Fig. 3-2. Pre-treatment liquor was passed through the sieve (aperture: 125 
µm) to get rid of large particles. Then lignin in the pre-treatment liquor was precipitated at pH 2 by 
HCl. The precipitate was centrifuged at 8,000 rpm, 25°C for 10 minutes and dried at 80°C. Then lipid 
was extracted from crude lignin with hexane by using Soxhlet method for 24 hours and the hexane 
extractive was discharged. Next, the crude lignin was suspended in 96% dioxane (dioxane: water = 
96:4 (v/v)) with a solid to liquid ratio of approximately 1:10 (g mL-1) and refluxed for 3.0 hours at 
80°C for lignin extraction. For dioxane-insoluble fraction, 96% dioxane was added and refluxed again 
to obtain remained lignin fraction. The combined dioxane-soluble fraction (i.e. dioxane lignin) was 
then concentrated to approximately 1/10 of the initial volume, by using rotary evaporator under 
reduced pressure. Dioxane lignin was added to 0.1M HCl solution to remove polysaccharides and to 
precipitate lignin. The precipitate was then washed with diethyl ether several times and was dried to 
obtain purified lignin as end-product.  
 
3.2.4.2. Methanogenic and acidogenic/hydrolysis toxicity test 
Methanogenic and acidogenic/hydrolysis toxicity test were performed in order to elucidate 
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the inhibition of anaerobic digestion process by extracted dissolved lignin. In both experiments, 
dissolved lignin was added in different concentration of 0.5, 1.0, 2.5, 5.0 g L -1 and 0 g L -1 as control. 
Dried purified lignin was milled and dissolved into 15 mL of 0.1 M NaOH solution. Then the alkali-
dissolved lignin solution was neutralized by using 1.0 M HCl solution. As a result of neutralization, 
up to 87.6 mg of NaCl was produced, of which salinity in anaerobic digestion reactors was 0.6 g L-1. 
In order to make the similar salinity level in dissolved lignin 0 g L-1 and blank (no substrate) 
conditions, 15 mL of 0.1 M NaOH solution was neutralized with 1.0 M HCl solution and added to 
the reactors. For methanogenic toxicity test, 2.0 g L-1 acetate was used for the substrate and added to 
500 mL medium bottle with 20 mL dissolved lignin solution or neutralized water and 130 mL 
mesophilic anaerobic digestion sludge to make the effective volume of 150 mL. CH4 yield was 
monitored online by using automatic methane potential test system (AMPTS) II (Bioprocess Control 
AB, Sweden. Fig. 3-3). Dissolved lignin 0.0, 0.5, 1.0, 5.0 g L-1 conditions were run in triplicate, while 
dissolved lignin 2.5 g L-1 and blank (=inoculum without substrate) were operated in duplicate and 
monoplicate, respectively. For hydrolysis toxicity test, 10 g L-1 cellulose was added with 20 mL 
dissolved lignin solution or neutralized water to 500 mL flask with 230 mL anaerobic digestion sludge 
to make the final effective volume of 250 mL. The biogas was collected in aluminum gas bag. 
Dissolved lignin 0.0, 0.5, 2.5, 5.0 g L-1 conditions and blank were run in triplicate, while dissolved 
lignin 1.0 g L-1 were operated in duplicate.  
 
3.2.5. Analytical methods 
pH, TS, VS, chemical oxygen demand (COD), lignocellulose and biogas were measured. The 
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pH of the samples was measured using a pH meter (HORIBA, B-212, Japan). Standard methods from 
APHA (American Public Health Asspciation, 1998) were applied to the analysis of TS, VS and COD. 
Lignocellulose (cellulose, hemicellulose and lignin) content was measured by detergent system (Van 
Soest et al., 1991) by using fiber analyzer (ANKOM Technology, A-200, USA). Lignin composition 
was analyzed by using the tetramethylammonium hydroxide (TMAH) derivatization method 
proposed by Clifford et al. (1995). Detailed lignin phenol contents were identified by GC/MS (Agilent 
Technologies, 6890N GC/5973MS, USA). DB-5MS capillary column (30 m long, 0.25 mm I.D., 0.25 
μm film thickness) was used for the GC column. The temperature of injector and ion source were 
310ºC and 230ºC, respectively. The oven temperature was gradually increased from 60ºC to 310ºC. 
In the mass spectrometry, the temperature of ion source and quadrupole were 230ºC and 150ºC, 
respectively. Helium was used as carrier gas with the flow rate of 1.0 mL min-1.  
Biogas (CH4, CO2) composition was monitored using a gas chromatograph (SHIMADZU, GC-
2014, Japan) equipped with a packed column (Shimadzu, Shincarbon ST, 6.0 m long, 3 mm I.D., 
Japan) and a thermal conductivity detector. The temperature of injector and detector were maintained 
at 120ºC and 260ºC, respectively. The column temperature was gradually increased from 40ºC to 
250ºC. Helium was used as carrier gas with the flow rate of 40 mL min-1. VFAs composition (acetic, 
propionic, n-butyric, i-butyric, n-valeric and n-valeric acid) was monitored using a gas chromatograph 
(Hitachi, G-3000, Japan) equipped with a capillary column (Stabilwax, size×I.D. 30 m×0.53 mm, 
1.00 µm film thickness) and a flame ionized detector (FID). The temperature of injector and detector 
were maintained at 240ºC. The column temperature was gradually increased from 100ºC to 160ºC at 
4 ºC minutes-1. Nitrogen was used as carrier gas with the flow rate of 40 mL min-1. 
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3.2.6. Calculations 
The solubilization efficiency is often evaluated by soluble COD over total COD (SCOD/TCOD) 
in many studies (e.g. Fernandes et al., 2009; Xie et al., 2011). The SCOD/TCOD can be calculated 
by using the equation as follows: 
 SCOD/TCOD (%) = SCOD treated TCOD initial ×100        (2) 
where SCODtreated (g-COD) is the soluble COD released from the substrate after pre-treatment and 
TCODinitial (g-COD) is the initial total COD of the substrate before pre-treatment. 
A COD-based CH4 conversion efficiency of the submerged macrophyte after batch anaerobic 
digestion was calculated as follows;  
 CH4 conversion efficiency (%-COD) = 
CODCH4  
CODtotal 
 ×100    (3) 
where CODCH4 is the COD converted to CH4 from submerged macrophytes (g-COD), and CODtotal 
is the total COD loaded to the batch reactor as a substrate (g-COD).  
The dissolved lignin concentration in the digestate was estimated from the amount of lignin 
removed by alkaline pre-treatment as follows;  
 Dissolved lignin concentration (g L-1) = S × L ×RV      (4) 
where S is the amount of substrate loaded to the biomethane reactor (g-TSsubstrate), L is lignin content 
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of un-treated biomass (g g-TSsubstrate-1), R is lignin removal efficiency by the pre-treatment (%) and V 
is the working volume of the biomethane reactor (L). 
 COD-based acidogenesis and hydrolysis efficiency of cellulose during hydrolysis toxicity test 
was calculated as follows; 
 Acidogenesis efficiency (%-COD) on day n = Mn+Vn−Ln−EnMn+Dn−Ln−En×100 (5) 
 Hydrolysis efficiency (%-COD) on day n = Mn+Dn−Ln−EnT  ×100 (6) 
where T is total COD of added cellulose (g-COD), Mn is CH4 yield on day n (g-COD), Vn is VFA 
content in the digestate on day n (g-COD), Dn is SCOD content in the digestate on day n (g-COD), 
Ln is total COD of added dissolved lignin (g-COD), En is CH4 yield from dissolved lignin on day n 
(g-COD). 
 Normalized methanogenic activity (NMA), normalized acidogenesis activity (NAA) and 
normalized hydrolytic activity (NHA) was calculated by consulting Gonzalez-Estrella et al. (2013) 
as follows; 
  NMA (%) = 
CH4 measuredCH4 theoretical ×100 (7) 
  NAA (%) = A testedA control ×100 (8) 
  NHA (%) = 
H testedH control ×100 (9) 
where CH4 theoretical is theoretical CH4 yield from CH4 + dissolved lignin and CH4 measured is the 
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measured CH4 yield in each dissolved lignin condition. A control is the acidogenesis efficiency in 
control (dissolved lignin 0 g L-1) and A tested is the acidogenesis efficiency in each dissolved lignin 
condition. H control is the hydrolysis efficiency in control and H tested is the hydrolysis efficiency in 
each dissolved lignin condition.  
 
3.2.7. Kinetic models 
The time course of cumulative CH4 yield, acidogenic efficiency and hydrolysis efficiency in 
the lignin toxicity test was simulated by the modified Gompertz equation (Lay et al., 1997): 
 M =  P × �−exp�Rmax× eP (λ − t) + 1��  (10) 
where M is cumulative CH4 yield (NmL), P is methane production potential (NmL), and Rmax is 
maximum methane production rate (NmL day-1) for methanogenic activity test. For acidogenic 
activity test, M is VFA production efficiency (%-COD), P is VFA production potential (%-COD), 
Rmax is maximum VFA production rate (%-COD day-1). For hydrolysis activity test, M is hydrolysis 
efficiency (%-COD), P is hydrolysis potential (%-COD), Rmax is maximum hydrolysis rate (%-COD 
day-1). In all toxicity tests, λ is digestion lag phase (day) and t is digestion time (day). The constants 
P, Rmax, λ were estimated by non-linear fitting approach with the aid of the SOLVER function of 
Microsoft Excel, which employs an iterative least squares fitting routine to produce the optimal 
goodness of fit between data and function. 
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3.2.8. Statistical analysis 
For the statistical analysis, the data were analyzed using the Tukey-Kramer’s multiple 
comparisons. Difference with p < 0.05 was considered significant. 
 
3.3. Results and Discussion 
3.3.1. Chemical component change of submerged macrophytes by alkaline pre-treatment 
3.3.1.1. Hydrolysis efficiency 
The efficiency of hydrolysis by pre-treatment can be expressed by SCOD/TCOD of the pre-
treated substrate (Cheng et al., 2010; Xie et al., 2011). Fig. 3-4 exhibits the SCOD/TCOD of two 
submerged macrophyte species after alkaline pre-treatment. The SCOD/TCOD of both species was 
greatly enhanced with the increase of NaOH loading rate, pre-treatment temperature and treatment 
time. Amongst others, the pre-treatment temperature of 80˚C, NaOH loading rate of 0.2 g g-TSsubstrate-
1 and treatment time of 3.0 h performed the highest SCOD/TCOD for both two species, and longer 
treatment (~5.0 h) did not further enhance the hydrolysis efficiency. This result is confirmed by Xie 
et al. (2011), that SCOD/TCOD of NaOH-treated biomass reached equilibrium at 2-4 hours at 60-
150°C, and longer treatment up to 24 hours did not further enhance the SCOD/TCOD under any 
NaOH condition. Thus it is indicated that the treatment time of 3.0 hours is considered to be proper 
for alkaline pre-treatment of submerged macrophytes.  
Although P. maackianus is recalcitrant lignin-rich macrophyte, the maximum SCOD/TCOD 
reached 45.4%-COD, while that of labile lignin-poor macrophyte (Eg. densa) was 56.8%-COD. 
Contrary, the maximum SCOD/TCOD of both species at NaOH 0 g g-TSsubstrate-1 was considerably 
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low, demonstrating 12.3%-COD (P. maackianus) and 22.4%-COD (Eg. densa), respectively. These 
results suggested that alkali takes a key role in hydrolysis of submerged macrophytes. In all NaOH 
conditions, the SCOD/TCOD of both macrophytes was significantly higher at 80°C as compared with 
60°C (p>0.05). Xie et al. (2011) also reported that SCOD/TCOD of thermochemically pre-treated 
grass silage was enhanced with the increase of NaOH loading rate and treatment temperature. Indeed, 
the application of higher NaOH loading would improve the SCOD/TCOD. However, it is concerned 
that higher NaOH loading may cause inhibition of anaerobic digestion. Since pH of pre-treatment 
liquor is very high, neutralization is required. At NaOH 0.2 g g-TSsubstrate-1, up to 14.5 g L-1 of salt is 
produced in the pretreatment liquor. Anaerobic digestion process is known to be inhibited under NaCl 
>20-30 g L-1 (Feijoo et al., 1995; Kimata-Kino et al., 2011). In the present study, the produced salt is 
diluted in the digestate up to 3.1g L-1, so that the NaCl inhibition is no need for concern. 
The application of higher treatment temperature also would improve the SCOD/TCOD, but it 
requires excessive cost for external energy input. Low-temperature heating below 100ºC should be 
more preferable since energy expenses for low-temperature heating of the reactor can be eliminated 
by applying waste heat from a power generation unit fueled with biogas. Thus alkaline pre-treatment 
at NaOH 0.2 g g-TSsubstrate-1, 80°C, 3.0 hours is suggested to be optimum pre-treatment condition 
feasible for applying anaerobic digestion, by enhancing chemical solubilization of submerged 
macrophytes.  
 
3.3.1.2. Lignocellulose composition 
Changes of lignocellulose composition in the solid fraction of pre-treated macrophytes after 3.0 
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h of alkaline pre-treatment were demonstrated in Fig. 3-5. Lignin, hemicellulose and cellulose content 
of P. maackianus and Eg. densa were significantly reduced with the increase of NaOH and pre-
treatment temperature. At the pre-treatment condition of 80˚C and NaOH 0.2 g g-TSsubstrate-1, the 
lignin content of P. maackianus was 84.7 mg g-TS-1, which is a remarkable decline from the raw 
material of 207.0 mg g-TS-1. In contrast, Eg. densa showed slight decline of lignin content, from 44 
mg g-TS-1 (untreated) to 31 mg g-TS-1 (NaOH 0.2 g g-TSsubstrate-1). Lignin content of the biomass is 
important parameter for evaluating the anaerobic digestibility, since lignin makes biomass recalcitrant 
and regulates CH4 recovery from lignocellulosic biomass (Hendriks and Zeeman, 2009; Triolo et al., 
2011; Koyama et al., 2014). The present study clearly indicated that lignin-rich macrophyte was 
delignified and became feasible substrate for anaerobic digestion treatment.  
The reduction of TS and lignocellulose by alkaline pre-treatment (80°C, 3.0 h) of two 
macrophytes was shown in Table 3-3. Both TS and lignocellulose reduction was improved with 
increase of NaOH dose for both macrophyte species. The maximum removal efficiencies of cellulose, 
hemicellulose and lignin of submerged macrophytes were 60-72%, 61-85%, 58-79%, respectively. It 
is relatively high removal as compared with other plant biomass of 35%, 53%, 70% (grass silage) 
(Xie et al., 2011), 17%, 72%, 70% (sorghum) (Sambusiti et al., 2012), 9%, 24%, 46% (asparagus 
stem) (Chen et al., 2014b). From these results, it was suggested that alkaline pre-treatment is very 
effective for submerged macrophytes to destruct the complex lignocellulose structure.  
Among two submerged macrophyte species, P. maackianus demonstrated significantly higher 
removal efficiency of cellulose and lignin as compared with Eg. densa (p<0.01) (Table 3-3). In the 
pre-treatment condition of NaOH 0.2 g g-TSsubstrate-1 - 80°C - 3.0 h, 79.2% of lignin was removed 
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from P. maackianus, which is significantly higher than that of Eg. densa (57.8%, p<0.05). Since lignin 
takes a key role in binding and coating cellulose and hemicellulose, the removal of lignin results in 
swelling of lignocellulose fibril (Taherzadeh and Karimi, 2008). Indeed, removal of cellulose by 
chemical pre-treatment is greatly depends on loss of physical protection from lignin and 
hemicellulose (Hendriks and Zeeman, 2009) Thus it was suggested that alkaline pre-treatment of 
lignin-rich macrophyte (i.e. P. maackianus) enhances the delignification from the lignocellulose 
surface, followed by the increase in the surface area of accessible polysaccharides by swelling, which 
also enhances the solubilization of cellulose and hemicellulose. 
During chemical pre-treatment of plant biomass, lignocellulose (cellulose, hemicellulose and 
lignin) and non-lignocellulose component (cytosol such as sugar, free amino acids, lipids and protein) 
becomes soluble organics (i.e. SCOD) including soluble sugars, furans and dissolved lignin/phenolics 
(Barakat et al., 2012; Sambusiti et al., 2012; Chen et al., 2014b; Di Girolamo et al., 2014). In the 
present study, SCOD/TCOD of pre-treated P. maackianus was lower than that of Eg. densa, yet P. 
maackianus showed higher reduction efficiency of lignocellulose (Fig. 3-4, Table 3-3). It is assumed 
that Eg. densa contains larger proportion of non-lignocellulose component such as cytosol in the dry 
weight than P. maackianus, owing to the lower lignocellulose content (especially lignin) as shown in 
Table 3-2. Cytosols are considered to be more readily hydrolyzed by chemicals as compared with 
lignocellulose, since a variety of chemical bonds are complexly involved to form very rigid structure 
of lignocellulose. Therefore, higher cytosol content may be the cause of higher SCOD/TCOD of pre-
treated Eg. densa as compare to P. maackianus. Contrary, it was suggested that SCOD of pre-treated 
P. maackianus contains relatively larger proportion of lignocellulose derivatives such as dissolved 
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lignin, and smaller proportion of cytosol derivatives, as compared with Eg. densa.  
 
3.3.1.3. Lignin composition 
Table 3-4 demonstrates the lignin phenol contents in solid fraction of submerged macrophytes 
before and after the pre-treatment. Both macrophyte species contained all of four lignin types (G, S, 
H and hydroxycinnamic acids), indicating they have similar lignin structure with herbaceous plants 
and/or non-woody tissues of angiosperms. The H lignin and hydroxycinnamic acid (ferulic acid and 
p-coumaric acid) contents of both macrophytes considerably declined with the increase of NaOH 
loading rate (Table 3-4). The ferulic acid content of P. maackianus decreased from 3913.6 µg g-1 (un-
treated) to 1135.7 µg g-1 (NaOH 0.2 g g-TSsubstrate-1), while ferulic acid content of Eg. densa decreased 
from 484.7 µg g-1 (un-treated) to 216.8 µg g-1 (NaOH 0.2 g g-TSsubstrate-1). Lignin is associated with 
lignin polymers and/or polysaccharides by a number of different linkages such as α-ether bonds, 
phenyl glycosidic bonds, acetal linkages and ester bonds. Ferulic acid is attached to lignin with alkali-
stable ether bonds and to hemicellulose with alkali-labile ester bonds, and p-coumaric acid is ester-
linked and ether-linked with lignin polymer (Ralph et al., 1995). The present study exhibited the 
reduction of ferulic acid by alkaline pre-treatment, implies the removal of lignin-ferulate complex 
from lignocellulose. For P. maackianus, ferulic acid accounts for 21.5% of total lignin phenols, which 
is considerably high as compared with Eg. densa (13.2%). Since P. maackianus contains large amount 
and proportion of ferulic acid, the amount of alkali-labile ester bond between polysaccharides and 
lignin polymer in P. maackianus should be much higher than that of Eg. densa. Therefore, it was 
suggested that the high ferulic acid content is attributed to the high lignin removal efficiency of P. 
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maackianus by alkaline pre-treatment.  
 
3.3.2. Anaerobic digestion of thermochemically pre-treated submerged macrophytes and 
possible inhibitor  
The variation of pH during batch anaerobic digestion of alkali pre-treated and un-treated 
submerged macrophytes was shown in Figure 3-6. In all conditions, the pH slightly dropped from 7.6 
- 7.9 on day 0 to 7.2 - 7.6 on day 1 - 3. The lowest pH value of untreated P. maackianus was observed 
on day 3, while those of NaOH 0.1 and 0.2 g g-TSsubstrate-1 were day 2 and day 1, respectively. Eg. 
densa demonstrated the similar trend, yet the lowest pH of both NaOH 0.1 and 0.2 g g-TSsubstrate-1 
were on day 1. The lowest pH value of Eg. densa was slightly lower than that of P. maackianus. The 
pH quickly recovered to 7.8 – 8.0 by day 5 in all conditions. Overall, the obtained pH values were in 
the optimum range for methanogenesis of 6.5 to 8.2 (Speece, 1996). 
Fig. 3-7 exhibits the CH4 production rate of thermochemically pre-treated and un-treated 
submerged macrophytes. The initial CH4 production rate (day 1-3) of macrophytes were significantly 
enhanced by the increase of NaOH loading rate for both species. The maximum CH4 production rates 
of Eg. densa were significantly higher than that of P. maackianus in all pre-treatment conditions. The 
CH4 production rates of thermochemically pre-treated and untreated submerged macrophytes reached 
maximum on day 1-2. After day 3, the CH4 production rate rapidly decreased in all conditions and 
demonstrated that the generation of CH4 was mostly completed in 14 days.  
The cumulative CH4 yield of both macrophyte species considerably increased with the increase 
of NaOH loading rate (Fig. 3-8). The cumulative CH4 yields of untreated, NaOH 0.1 and 0.2 g g-
 57 
 
TSsubstrate-1 were 161.3, 231.3 and 242.8 mL g-VS-1 (P. maackianus) and 299.7, 312.8 and 371.2 mL 
g-VS-1 (Eg. densa), respectively. The COD-based CH4 conversion efficiency of P. maackianus 
increased from 33.6%-COD (untreated) to 50.6%-COD (NaOH 0.2 g g-TSsubstrate-1), which is 
approximately 50% higher than untreated substrate (Table 3-5). Meanwhile, the enhancement of CH4 
conversion efficiency of Eg. densa was approximately 24% increase from the untreated (63.2%-
COD). These results can be explained by the difference in the initial lignin content of the substrate 
and extent of lignin removal after alkaline pre-treatment depending on the macrophyte species. The 
CH4 recovery of P. maackianus was more effectively enhanced by alkaline pre-treatment as compared 
with Eg. densa, probably due to the high delignification efficiency caused by the cleavage of alkali-
labile ester linkage between polysaccharides and ferulic acid coupled with lignin polymer. From these 
results, it was indicated that the alkaline pre-treatment at 80˚C is highly effective for enhancing 
anaerobic digestibility of lignin-rich macrophytes, and moderately effective for lignin-poor 
macrophytes. 
The cumulative CH4 yield of P. maackianus pre-treated at NaOH 0.1 g g-TSsubstrate-1 was 
significantly higher than that of un-treated (p<0.01), but the cumulative CH4 yield at NaOH 0.2 g g-
TSsubstrate-1 was similar to NaOH 0.1 g g-TSsubstrate-1 (p>0.05), despite the lignin content of the substrate 
declined from 126.8 mg g-TS-1 (NaOH 0.1 g g-TSsubstrate-1) to 84.7 mg g-TS-1 (NaOH 0.2 g g-TSsubstrate-
1) (Fig. 3-5, Fig. 3-8). A number of studies have pointed out that the pre-treatment of lignocellulosic 
biomass sometimes lead the formation of toxic compounds for CH4 recovery (He et al., 2009; Xie et 
al., 2011; Monlau et al., 2012; Chen et al., 2014b). During heating and/or chemical pre-treatment of 
lignocellulose, some chemical compounds such as furans (furfural and 5-hydroxymethylfurfural) and 
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phenolics (e.g. dissolved lignin and tannin) can be produced, which influence the microbial and 
enzymatic activity. Recent study revealed that furans have no inhibitory effect on anaerobic digestion 
(Barakat et al., 2012). Other literatures pointed out the inhibition of methane recovery by phenolic 
compounds derived from lignin during chemical pre-treatment, but no proof has been confirmed yet 
(He et al., 2009; Xie et al., 2011; Monlau et al., 2012; Chen et al., 2014b).  
The present study estimated the influence of delignification by-product on the CH4 recovery of 
submerged macrophytes obtained in the present study and various lignocellulosic biomass from other 
literatures. Lignin removed from lignocellulose complex is dissolved to liquid fraction during pre-
treatment and remained in the digestate during anaerobic digestion, since lignin polymer is scarcely 
degraded (Benner et al., 1984; Tuomela et al., 2000; Barakat et al., 2012). Then it was assumed that 
the amount of lignin removed from the solid fraction is equivalent to the dissolved lignin content in 
the digestate, and the concentration of dissolved lignin in the digestate during batch anaerobic 
digestion test was calculated. Fig. 3-9 showed that the increase of CH4 yield of all biomass decreased 
or ceased with the increase of dissolved lignin concentration in the digestate. These results suggest 
that anaerobic digestion can be inhibited at the condition of high lignin removal efficiency due to the 
increase of dissolved lignin in the digestate. The inhibitory level of dissolved lignin concentration 
was fluctuated with substrate, ranging from >0.9 g L-1 to >1.2 g L-1. The range is probably owing to 
the difference in the inoculum-substrate ratio in each literature and/or physical-chemical property of 
actual dissolved lignin in the digestate (e.g. molecular weight distribution, chemical composition of 
lignin phenols), which may vary with substrate particle size or pre-treatment condition. On the other 
hand, the CH4 yield of Eg. densa did not drop by alkaline pre-treatment, probably due to the low 
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lignin content of the substrate. From these results, it was suggested that alkaline pre-treatment 
remarkably enhanced the CH4 yield from submerged macrophytes, but the high NaOH dose to lignin-
rich macrophyte P. maackianus would cause the inhibition of the digestion process by dissolved lignin 
derived from breakdown of lignocellulose, which is increased during the alkaline pre-treatment. 
 
3.3.3.  Influence of dissolved lignin on anaerobic digestion process  
3.3.3.1. Chemical characteristics of purified dissolved lignin 
Table 3-6 shows the chemical composition of purified dissolved lignin derived from alkaline 
pre-treatment of P. maackianus. The VS/TS was 97.3%, indicating inorganic content is very little. 
Total sugar accounted for 3.6% of the purified lignin. The lignin phenol composition of purified 
dissolved lignin was closely resemble to that of raw P. maackianus (Table 2-2). From these results, it 
was suggested that the dissolved lignin was extracted in relatively high purity with little 
compositional alternation.  
 
3.3.3.2. Influence on methanogenesis 
 Fig. 3-10 (A) shows the time course of cumulative CH4 yield during methanogenic activity 
test from 2 g L-1 acetate under different dissolved lignin concentration. The cumulative CH4 yield 
gradually increased with the increase of dissolved lignin concentration. The cumulative CH4 yield at 
dissolved lignin 0 g L-1 was 73.2 NmL, while the cumulative CH4 yield rose to 79.8, 91.4, 101.1 and 
116.5 NmL at dissolved lignin concentration of 0.5, 1.0, 2.5 and 5.0 g L-1, respectively. This is 
probably due to the CH4 recovery from polysaccharides combined to the dissolved lignin, or from 
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dissolved lignin itself. The small portion of residual polysaccharides remains even after a series of 
purification steps, due to the widely accepted fact that lignin-polysaccharide network makes lignin 
purification difficult (Lei et al., 2013). In order to access the characteristic of digestion kinetics, the 
CH4 production during methanogenic toxicity test was simulated with the modified Gompertz model 
(Table 3-7). Interestingly, digestion kinetic assessment exhibited the deterioration of methanogenesis 
in the present study. The maximum CH4 production rate (Rmax) apparently declined in 2.5 g L-1, and 
significantly decreased in 5.0 g L-1 (p<0.01), as compared with 0, 0.5, and 1.0 g L-1. From these results, 
it was suspected that methanogenesis was inhibited at high dissolved lignin concentration.  
 In order to evaluate the influence of dissolved lignin on methanogenesis from acetate, the 
methane production from dissolved lignin was excluded from the measured CH4 yields. The methane 
yield from dissolved lignin was calculated by subtracting the maximum methane yield of dissolved 
lignin 0.0 g L-1 (i.e. only acetate) from dissolved lignin 0.5 g L-1. Dissolved lignin 0.5 g L-1 is 
considered to have no influence on acetoclastic methanogenesis, since the digestion kinetics (Rmax, λ, 
and T80) were not significantly different with dissolved lignin 0.0 g L-1 (Table 3-7, p>0.05). With this 
calculation, theoretical methane yields, which are the sum of CH4 yield from dissolved lignin and 
acetate in each dissolved lignin conditions, were estimated and compared with the measured CH4 
yields. Fig. 3-10 (B) shows normalized methanogenic activity (NMA) in each dissolved lignin 
conditions, in order to evaluate the toxicity of dissolved lignin. NMA at dissolved lignin 0.5 and 1.0 
g L-1 did not show the inhibition, while that of 2.5 and 5.0 g L-1 was dropped for 7.3% and 15.2%-
control, respectively. Therefore, it was suggested that dissolved lignin negatively influences 
acetoclastic methanogenesis at high lignin concentration of ≧2.5 g L-1. Sierra-Alvarez and Lettinga 
 61 
 
(1991a) used lignin isolated from forest industry wastewaters for methanogenic inhibition test and 
reported 50% inhibition (50% IC) of methanogenesis at lignin concentration of 3.3 to 6.0 g-COD L-
1, which is considerably higher than the present study. The inhibition mechanism of dissolved lignin 
has not been fully elucidated, but it has been proposed that phenolics such as dissolved lignin can 
directly inhibit microbial cells by its high hydrophobicity (Kayembe et al., 2013), type of substituents 
on aromatic ring (Sierra-Alvarez and Lettinga, 1991) and molecular weight (Sierra-Alvarez and 
Lettinga, 1991; Yin et al., 2000a). Kayembe et al. (2013) reported that methanogenic activity was 
inhibited with the increase of hydrophobicity of phenolics, which leads to the high permeability of 
phenolics in microbial cell membrane exhibiting greater toxicity. Sierra-Alvarez and Lettinga (1991b) 
found that lignin model compound with aldehyde group (e.g. vanillin) apparently showed higher 
toxicity on methanogenic activity of 50% IC 1.8 g L-1 as compared with aromatic carboxylic acids 
(e.g. vanillic acid: 50% IC >9.2 g L-1). In the present study, aldehyde-substituting lignin (i.e. vanillin, 
syringaldehyde and p-hydroxibenzaldehyde) accounted only for 4.7% of the dissolved lignin isolated 
from pre-treated P. maackianus, while lignin with carboxylic acid (i.e. vanillic acid, syringic acid, 
and p-hydroxibenzoic acid) accounted for that of 53.7% (Table 3-6). This could explain the lower 
toxicity of dissolved lignin on methanogenesis observed in the present study.  
 
3.3.3.3. Influence on acidogenesis and hydrolysis 
The variation of pH during batch anaerobic digestion of cellulose under various dissolved 
lignin concentration was shown in Figure 3-11. Both variation patterns and the values of pH were 
similar in all lignin conditions. The pH started to drop from day 4, probably due to the digestion lag 
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phase until day 2. The pH reached to the lowest values of 7.0 to 7.2 in all conditions on day 4, 
suggesting rapid acidogenesis. Thereafter, the pH gradually recovered with biogasification of organic 
acids and reached to the initial level by day 14 in all conditions.  
Fig. 3-12 shows the time course of cumulative CH4 yield and SCOD concentration in digestate 
during batch anaerobic digestion of cellulose under various dissolved lignin concentration. Differ 
from methanogenic toxicity test, the cumulative CH4 yield declined with the increase of dissolved 
lignin (p<0.01). The production of CH4 and SCOD simultaneously started to increase on day 4, 
suggesting hydrolysis, acidogenesis and methanogenesis started to occur after day 2. Thereafter, the 
SCOD concentration declined in all lignin conditions to reach to the initial level by day 10 to 14, 
indicating biogasification of hydrolyzed cellulose. As shown in Fig. 3-12 (B), higher SCOD 
concentration was seen in lignin-added conditions on day 0, and the SCOD values did not 
significantly change after 23 days of batch anaerobic digestion. It can be explained by the poor 
degradability of lignin under anaerobic condition (Benner et al., 1984). Fig. 3-13 shows the time 
course of VFA concentration in digestate. Corresponding to the variation of pH, CH4 production and 
SCOD, the total VFA concentration peaked on day 4 and diminished thereafter in all lignin conditions 
except at lignin 5.0 g L-1, of which total VFA concentration peaked on day 6. The peak total VFA 
concentrations in day 4-6 were 273-375 mg L-1, which is considered as non-inhibiting level of 
anaerobic digestion system, as compared with the inhibiting concentration of acetic acid >6,200 mg 
L-1 or propionic acid >3,600 mg L-1 (Ahring et al., 1995). Accumulation of propionic acid occurs due 
to (1) low microbial activity of propionate utilizing bacteria, 2) inhibition of propionate degradation 
by high H2 partial pressure, and 3) low methanogenic activity (Speece, 1996). In the present study, 
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propionic acid dominated only in day 4-6 and diminished afterwards, while acetic acid was dominant 
throughout the whole experimental period. The diminution of VFA and neutral pH in the digestate of 
all dissolved lignin condition indicated that the drop of CH4 recovery with the increase of dissolved 
lignin is obviously not caused by excessive acidification of anaerobic digestion system, which is 
known as the one of the most common inhibition factor. 
The toxic effect of dissolved lignin on acidogenesis and hydrolysis step of anaerobic digestion 
process were summarized in Fig. 3-14 and 15, and Table 3-8 and 9. Acidogenesis efficiency slightly 
declined with the increase of dissolved lignin concentration (Fig. 3-14 (A)). The kinetics 
characterization by fitting with the modified Gompertz model exhibited that the lowering of Rmax and 
delay of T80 of acidogenesis occurred from dissolved lignin ≥2.5 g L-1 (Table 3-8). The drop of 
normalized acidogenic activity (NAA) with the increase of dissolved lignin was only 2.5 to 5.2% in 
dissolved lignin 0.5 to 2.5 g L-1 against control (=lignin 0 g L-1), while that of lignin 5.0 g L-1 was 
10.9%-control (Fig. 3-14 (B)). This result indicates that dissolved lignin slightly inhibits acidogenesis 
step in similar extent to that of methanogenic step under high dissolved lignin condition. In contrast, 
the hydrolysis efficiency clearly deteriorated from dissolved lignin 1 g L-1 (Fig. 3-15 (A)). On day 23, 
the hydrolysis efficiency was 94.6% at dissolved lignin 0.0 g L-1, and did not show significant 
difference with dissolved lignin 0.5 g L-1. On the other hand, the hydrolysis efficiencies at dissolved 
lignin 1.0, 2.5 and 5.0 g L-1 significantly dropped to 69.6%, 72.5% and 63.9%, respectively (p<0.01, 
statistical analysis was not applied on dissolved lignin 1.0 g L-1, which was run in duplicate). 
Moreover, fitting with the modified Gompertz model demonstrated that the maximum solubilization 
rate (Rmax) declined from 30.1 %-COD day-1 at 0 g L-1 to 24.0, 24.5 and 17.6 %-COD day-1 at 
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dissolved lignin 1.0, 2.5 and 5.0 g L-1, respectively (Table 3-8). On the other hand, digestion lag phase 
(λ) and time needed to produce 80% of the maximum solubilization efficiency (T80) did not show 
the significant difference among all dissolved lignin concentration.  
Fig. 3-15 (B) summarizes the toxic effect of dissolved lignin on hydrolysis by normalized 
hydrolysis activity (NHA). The NHA of cellulose declined for 6.8%, 24.4%, 25.4% and 34.8% at 
dissolved lignin 0.5, 1.0, 2.5 and 5.0 g L-1, respectively. To date, the toxic effect of dissolved lignin 
on anaerobic hydrolytic bacteria has not been investigated, but it is expected that the damage to the 
microbial cell membrane can occur by dissolved lignin, as well as methanogens. In addition, a number 
of previous researches have reported that lignin adsorbs cellulase and inhibits the enzymatic 
hydrolysis of cellulose (Palonen et al., 2004; Ximenes et al., 2010; Rahikainen et al., 2013). It is 
known that cellulase adsorption by lignin is mainly irreversible (Palonen et al., 2004). Cellulase is 
suggested to be adsorbed on lignin via hydrophobic interactions, electrostatic interactions and 
hydrogen bonding interactions (Palonen et al., 2004; Berlin et al., 2006; Nakagame et al., 2010), 
although the exact mechanism of cellulase adsorption on lignin has not been elucidated yet. In 
addition, cellulase is most strongly inhibited by lignin, as compared with other enzymes such as 
xylanase and glucosidase (Berlin et al., 2006). The maximum cellulase adsorption capacity of lignin 
has been reported as 75 to 103 mg per gram of lignin (Nakagame et al., 2011; Nonaka et al., 2011). 
Thus in the present study, the considerable amount of cellulase was probably adsorbed on the 
dissolved lignin, which may contributed to the inhibition of cellulose hydrolysis. During biochemical 
hydrolysis of organic compound, microorganisms generally either secretes extracellular enzymes to 
the bulk liquid (Jain et al., 1992), or attaches to a particle and produce intracellular enzymes in its 
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vicinity (Vavilin et al., 1996). Endo et al. (1982) reported that cellulolytic microorganisms secrete 
extracellular cellulase to the bulk liquid when the SRT is sufficiently long (<13 days). The present 
study was conducted in batch mode for 23 days, indicating the SRT is longer than at least 23 days. In 
addition, it is known that a number of anaerobic cellulolytic bacteria secretes extracellular multi-
enzyme complex called cellulosome (Schwarz, 2001). From these perspectives, cellulolytic bacteria 
mainly secreted extracellular cellulase for cellulose hydrolysis and the substantial amount of cellulase 
and/or cellulosome was adsorbed on dissolved lignin in the present study.  
The metabolic pathway of anaerobic hydrolysis and acidogenesis of cellulose was 
summarized in Fig. 3-16, based on Endo et al. (1982) and McCarty and Smith (1986). In general, 
anaerobic cellulose degradation (excluding methanogenesis) consists of the following multiple steps: 
secretion of cellulase (1), enzymatic hydrolysis of cellulose into glucose (2), conversion of glucose 
into pyruvate in glycolysis for cellular energy production (3), excretion of VFAs and gases (H2 and 
CO2) as waste product of pyruvate metabolism (4), production of acetic acid, H2 and CO2 from VFAs 
(5). Pathway (1) to (4) are taken place by cellulolytic bacteria, while pathway (5) is governed by 
acetogenic bacteria, respectively. The present study exhibited acidogenic activity was inhibited in 
only small extent at high dissolved lignin conditions, while hydrolysis activity was more strongly 
inhibited at even lower dissolved lignin condition. The low toxic effect on acidogenesis implies that 
the pathway (3) to (5) were only slightly inhibited. Therefore, it was speculated that pathway (1) and 
(2), i.e. secretion of cellulase and extracellular enzymatic hydrolysis, may be the most susceptible 
steps against dissolved lignin in anaerobic digestion process. 
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4. Conclusion 
Alkaline pre-treatment greatly increased the SCOD/TCOD and reduced lignin of submerged 
macrophytes, clearly indicating the enhancement of the hydrolysis. Ferulic acid content greatly 
reduced with the increase of NaOH dose, implying the removal of lignin-ferulate complex from the 
lignocellulose. The cumulative CH4 yield of pre-treated P. maackianus and Eg. densa was 50.6% and 
23.9% higher than un-treated, indicating that alkaline pre-treatment could be effective for anaerobic 
digestion of submerged macrophytes. The present study suggested that the pre-treatment with high 
NaOH dose to lignin-rich substrate could cause the inhibition of anaerobic digestion, possibly by the 
release of dissolved lignin from lignocellulose during pre-treatment. Dissolved lignin inhibited 
methanogenesis, acidogenesis and hydrolysis steps, and extracellular enzymatic hydrolysis may be 
the most susceptible step against dissolved lignin in anaerobic digestion process.   
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Table 3-2. Chemical composition of submerged macrophytes used in the 
experiments of thermochemical pre-treatment.
Egeria densa
8.2
110.3
36.2
11.4
20.7
4.9
4.0
50.4
36.2
1.9
4.4
Total solids (TS)
Volatile solids (VS)
Total COD
Parameter
Cellulose
Hemicellulose
Lignin
VS/TS
Unit
%-wwt
%-wwt
g kg-wwt-1
%-dwt
%-dwt
%-dwt
% 84.5 81.6
15.5 18.4Ash %-dwt
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Table 3-5. Cumulative methane yield and methane conversion efficiency of alkali pre-
treated and untreated Potamogeton maackianus and Egeria densa.
Submerged 
macrophytes
NaOH loading rate
(g g-TSsubstrate-1)
E. densa Un-treated 299.7±23.8 63.2±5.0
0.100 312.8± 3.6 66.0±0.8
371.2± 2.0 78.3±0.4
P. maackianus Un-treated 161.3±23.0 33.6±4.8
231.1±12.3 48.2±2.6
50.6±1.9
0.200
0.100
0.200 242.8± 8.9
Cumulative 
CH4 yield
(mL g-VS-1)
CH4 conversion 
efficiency
(%-COD)
71
Table 3-6. Chemical characteristics of dissolved lignin purified from alkali 
pre-treatment liquor of Potamogeton maackianus.
100.0*
Values
97.3
3.6
Total solids (TS)
Volatile solids (VS)
Parameter
Total sugar
Unit
%-wwt
%-dwt
%-dwt
2.7Ash %-dwt
Lignin phenol (lignin type)
p-hydroxybenzaldehyde (H) 3.2
p- hydroxyacetophenone (H) 0.4
p- hydroxybenzoic acid (H) 44.6
Vanillin (G) 1.2
Acetovanillin (G) 2.7
Vanillic acid (G) 5.5
Syringaldehyde (S) 0.3
Acetosyringone (S) 6.6
Syringic acid (S) 3.6
p-coumaric acid (hydroxycinnamic) 6.7
Ferulic acid (hydroxycinnamic) 25.2
%-lignin
%-lignin
%-lignin
%-lignin
%-lignin
%-lignin
%-lignin
%-lignin
%-lignin
%-lignin
%-lignin
G total
S total
H total
Hydroxycinnamic total
9.4
10.6
48.1
31.9
S/G ratio 1.1
* Dried purified lignin
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Fig. 3-1. Formation of  (A) lignin-carbohydrate complex and (B) lignin-
hydroxycinnamic acid complex by ferulic and p-coumaric acid (adapted from 
Buranov and Mazza 2008).
(A)
(B)
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O
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OCH3
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O
HO
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β
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Alkaline pre-treatment of P. maackianus
(NaOH0.2g g-TS-1, 80ºC, 3.0 hrs)
Pass the pre-treatment liquor 
through the sieve (125µm)
Precipitation of lignin at pH 2 by HCl
Centrifugation (8,000 rpm, 25ºC, 15 min)
Supernatant
(soluble sugar etc.)
Extraction of lipids with hexane 
by using Soxhlet method
Hexane extractive
(lipid etc.) Extraction of lignin with dioxane:water (96:4 v/v) at 80ºC, 3.0 hrs
Dioxane insoluble residue
(add dioxane and extract 
lignin again)
Precipitation/washing of dioxane lignin with 0.1M HCl
Soluble sugar etc.
Soluble sugar etc.
Washing of lignin with diethyl ether
Concentration of dioxane lignin by 
rotary evaporator
Drying
Purified lignin
Fig. 3-2. Purification steps of dissolved lignin by dioxane extraction method 
(Björkman 1956; Chin et al. 2013; Zhang et al. 2013).
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Fig. 3-4. SCOD/TCOD of Potamogeton maackianus and Egeria densa after thermochemical 
pre-treatment under different NaOH loading rate of 0 ( ), 0.025 ( ), 0.050 ( ), 0.100  ( ) 
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Fig. 3-5. Changes of lignocellulose composition  in the solid fraction of Potamogeton 
maackianus and Egeria densa after thermochemical pre-treatment of 3.0 h: cellulose (□), 
hemicellulose (   ), lignin (■).
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Fig. 3-6. pH variation during batch anaerobic digestion of submerged 
macrophytes after thermochemical pre-treatment.
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Fig. 3-7. Methane production rates of pre-treated (80ºC, NaOH loading rate 
0.1 and 0.2 g g-TS-1substrate) and untreated Potamogeton maackianus and 
Egeria densa (B). 
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Fig. 3-8. Cumulative methane yields of pre-treated (80ºC, NaOH loading 
rate 0.1 and 0.2 g g-TS-1substrate) and untreated Potamogeton maackianus (A) 
and Egeria densa (B).
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Fig. 3-9. Relationship between the increase of CH4 yield of various 
lignocellulosic biomass by NaOH pre-treatment and  the estimated dissolved 
lignin concentration in the digestate. The increase of CH4 yield by NaOH pre-
treatment is determined by the comparison with CH4 yield of controls (no 
pre-treatment). a Xie et al. 2012; b Chen et al. 2014; ★ The present study.
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Fig. 3-10. Effect of dissolved lignin on methanogenesis under various dissolved 
lignin conditions during methanogenic toxicity test: (A) methane production from 
acetate + dissolved lignin, (B) normalized methanogenic activity.
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Fig. 3-11. Time course of pH during hydrolysis and acidogenesis toxicity 
test of dissolved lignin. 
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Fig. 3-14. Acidogenesis efficiency (A) and normalized acidogenic activity (B) 
during hydrolysis and acidogenesis toxicity test of dissolved lignin.
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Fig. 3-15. Effect of dissolved lignin on hydrolysis process: (A) hydrolysis 
efficiency, (B) normalized hydrolysis activity.
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Fig. 3-16. Hydrolysis and acidogenesis of cellulose in anaerobic digestion process
(modified from Endo et al. 1982; McCarty and Smith 1986)
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Chapter IV 
Effect of alkaline pre-treatment on semi-continuous anaerobic  
digestion of submerged macrophyte 
 
4.1. Introduction 
Although most full-scale anaerobic digesters are operated either in continuous or semi-
continuous mode, the effect of pre-treatment on anaerobic digestion has been investigated mostly in 
batch mode (Taherzadeh and Karimi, 2008; Hendriks and Zeeman, 2009; Carrere et al., 2016). Batch 
tests are useful for evaluating methane production potential under specific parameters such as 
different pre-treatment and the pre-treatment conditions (Fernandes et al., 2009; Xie et al., 2011; Chen 
et al., 2014b), digestion kinetics (Lay et al., 1997; Li et al., 2015) and inhibitory levels of toxic 
substances (Vidal and Diez, 2005; Vavilin et al., 2008; Gonzalez-Estrella et al., 2013) in a short period 
of time. However, continuous (or semi-continuous) operation should be conducted even in lab-scale 
experiment, in order to estimate the digestibility, process stability and inhibitory effect in full-scale 
anaerobic digesters. As summarized in Fig. 3-1, only a few researches on anaerobic digestion of alkali 
pre-treated lignocellulosic biomass have operated in continuous mode. Sambusiti et al. (2013) 
reported NaOH pre-treatment of ensiled sorghum forage improved the CH4 production by 25% as 
compared with un-treated sorghum in continuously stirred tank reactor (CSTR). Monlau et al. (2015) 
also confirmed that the CH4 recovery of sunflower stalk in semi-continuous operation increased by 
26-29% due to NaOH pre-treatment. From these point of view, Carrere et al. (2015) suggested in their 
review paper that alkaline pre-treatment may be the most suitable method for enhancing the anaerobic 
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digestion process for lignocellulosic biomass. However, these studies focused only on changes in 
chemical characteristics of substrates (e.g. lignocellulose content), improvement of CH4 recovery, 
and accumulation of VFA. Alkali pre-treated lignocellulosic biomass produces not only readily 
degradable soluble sugars and proteins, but also dissolved lignin-derived compounds (Taherzadeh 
and Karimi, 2008; Barakat et al., 2012; Quéméneur et al., 2012). As confirmed in Chapter III, 
dissolved lignin inhibits anaerobic digestion process especially hydrolysis step. In addition, lignin is 
scarcely degraded in anaerobic environment (Tuomela et al., 2000). Accordingly, it is expected that 
dissolved lignin accumulates in digestate under continuous operation of alkali pre-treated submerged 
macrophyte and may cause the adverse effect on the anaerobic digestion process.  
On the other hand, it is known that anaerobic microbes can be adapted to the inhibitory 
substances during long term operation. The microorganisms can retain viability at concentrations far 
exceeding the initial inhibitory levels, once they acclimatized to toxic substances (Chen et al., 2008). 
A number of studies have reported the acclimatization of anaerobic microorganisms on phenolic 
compounds during anaerobic digestion treatment (Healy and Young, 1979; McCarty and Smith, 1986; 
Carbajo et al., 2010; Rosenkranz et al., 2013). Carbajo et al. (2010) treated the highly concentrated 
phenol synthetic wastewater in both continuous and batch modes. Although VFAs degradation was 
inhibited in batch mode, no inhibition was observed at steady state in continuous operation, probably 
due to the acclimatization of microorganisms. Rosenkranz et al. (2013) also reported the 
acclimatization of anaerobic microbes to phenol, and observed the shift of microbial community 
structure at higher phenol concentration. Accordingly, the methane recovery of alkali pre-treated P. 
maackianus may be enhanced by microbial acclimatization during continuous operation. 
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In this Chapter, the effect of alkaline pre-treatment on anaerobic digestion of lignin-rich 
submerged macrophyte was investigated in semi-continuous mode. The process stability in terms of 
CH4 recovery and acclimatization to accumulating dissolved lignin were evaluated.  
 
4.2. Materials and method 
4.2.1. Substrate and inoculum 
P. maackianus was used as a sole substrate, of which sample collection and preservation were 
same with Chapter II and III. The pre-treatment condition of P. maackianus was 80ºC, NaOH 0.2 g 
g-TSsubstrate-1 for 3.0 h, followed by neutralization to pH 7 using HCl, according to the results of 
Chapter III. For the inoculum of semi-continuous experiment, the mesophilic anaerobic sludge was 
obtained from Hokubu Sludge Treatment Center, Yokohama, Japan.  
 
4.2.2. Semi-continuous anaerobic digestion of alkali pre-treated or un-treated P. maackianus 
Alkali-treated and un-treated P. maackianus was anaerobically digested in semi-continuous 
mode at mesophilic (37°C) condition in a temperature controlled laboratory. Trace element solution 
(FeCl3.6H2O 4.46 mg L-1, ZnSO4.7H2O 0.15 mg L-1, CoCl2.6H2O 0.17 mg L-1, H3BO3 0.06 mg L-1, 
MnCl2.4H2O 0.5 mg L-1, NiCl.6H2O 0.04 mg L-1, CuCl2.2H2O 0.03 mg L-1, NaMoO4.2H2O 0.03 mg 
L-1) was added with substrate according to Sekiguchi et al. (1998). For anaerobic digestion bioreactor, 
completely stirred tank reactor (CSTR) of the working volume of 4.5 L was used for alkali pre-treated 
macrophytes. Organic loading rate (OLR) was 1.0 g-VS L-1 day-1. Alkali pre-treated P. maackianus 
was fed to CSTR every two days for the period of 120 days. CSTR was operated at 37°C, HRT 40 
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days, and continuous mixing of 100 rpm. Un-treated P. maackianus was also digested at mesophilic 
condition as a control, with same OLR and HRT conditions in 6.0 L CSTR. The headspace of CSTR 
was filled with nitrogen gas to make anaerobic environment. Produced biogas was collected using 
10-L aluminum gas bag (GL Sciences, AAK-10, Japan), and the gas volume was measured every two 
days by using water displacement method.  
 
4.2.3. Analytical parameters 
pH, salinity, TS, VS, soluble COD (SCOD), volatile fatty acids (VFA), lignocellulose and 
biogas were measured. The pH of the samples was measured using a pH meter (HORIBA, B-212, 
Japan). Salinity was measured by using salinity meter (ATAGO, ES421, Japan). Standard methods 
from APHA (American Public Health Asspciation, 1998) were applied to the analysis of TS, VS and 
COD. Lignocellulose (cellulose, hemicellulose and lignin) content was measured by detergent system 
(Van Soest et al., 1991) by using fiber analyzer (ANKOM Technology, A-200, USA). 
Biogas (CH4, CO2) composition was monitored using a gas chromatograph (SHIMADZU, 
GC-2014, Japan) equipped with a packed column (Shimadzu, Shincarbon ST, 6.0 m long, 3 mm I.D., 
Japan) and a thermal conductivity detector (TCD). The temperature of injector and detector were 
maintained at 120ºC and 260ºC, respectively. The column temperature was gradually increased from 
40ºC to 250ºC. Helium was used as carrier gas with the flow rate of 40 mL min-1. VFAs composition 
(acetic, propionic, n-butyric, i-butyric, n-valeric and n-valeric acid) was monitored using a gas 
chromatograph (Hitachi, G-3000, Japan) equipped with a capillary column (Stabilwax, size×I.D. 30 
m×0.53 mm, 1.00 µm film thickness) and a flame ionized detector (FID). The temperature of injector 
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and detector were maintained at 240ºC. The column temperature was gradually increased from 100ºC 
to 160ºC at 4 ºC minutes-1. Nitrogen was used as carrier gas with the flow rate of 40 mL min-1.   
 
4.2.4. Fractionation of soluble organics and estimation of dissolved lignin/humic substances in 
the digestate 
In order to clarify the composition of SCOD, acid precipitation was conducted for 
fractionation of SCOD. Digestate was firstly filtered through 0.45µm glass fiber filter (ADVANTEC, 
GC-50, 47 mm, Japan) to remove particle, and SCOD and VFAs of the filtrate was measured. Next, 
3% H2SO4 solution was added to the filtered digestate, in order to separate acid precipitate fraction 
from total SCOD. Acid precipitate is assumed to be composed mainly of lignin or humic substances. 
After acid precipitation, the supernatant was filtered through 0.45µm glass fiber filter and SCOD was 
measured. The amount of acid precipitate was calculated by subtracting supernatant SCOD from total 
SCOD. 
 
4.2.5. Calculation 
The time course of theoretical dissolved lignin concentration in the digestate was calculated 
based on dissolved lignin concentration of alkali pre-treated P. maackianus by consulting Usack et al. 
(2012). When a chemical species with aqueous solution, slurry or solid is continuously fed to the 
reactor, the concentration of the chemical species increases with operation time, and eventually 
reaches to the steady state. The concentration of chemical species in time n (Cn) can be calculated by 
using the following equation. 
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 Cn = Csub × �1 − e−𝑘𝑘𝑒𝑒× 𝑡𝑡� (11) 
where Csub is the concentration of chemical species in the substrate and ke is the elimination rate 
constant of the chemical species.  
 Hypothesizing dissolved lignin does not degrade in anaerobic digestion, the elimination rate 
of dissolved lignin in anaerobic digester relies on the HRT (i.e. ke = 1/HRT). Thus the theoretical 
concentration of dissolved lignin in digestate can be calculated by using the following equation. 
 Theoretical dissolved lignin in day n (g L-1) = Csub �1 − e− 1HRT× 𝑡𝑡� (12) 
where Csub is the concentration of dissolved lignin in alkali pre-treatment liquor (i.e. pre-treated 
substrate) (g L-1), t is the operational time (day) and HRT is the hydraulic retention time of CSTR 
(day). 
 
4.3. Results and discussion 
4.3.1. pH and salinity variation in the digestate 
In both alkali pre-treated and un-treated conditions, pH in the digestate fluctuated from 7.0 to 8.2 
(Fig. 4-1). The obtained pH values were in the optimum range for methanogenesis of 6.5 to 8.2 
(Speece, 1996). Overall, alkali pre-treated condition exhibited slightly higher pH values as compared 
with that of un-treated. Sambusiti et al. (2013) also reported higher pH at alkali pre-treated sorghum 
than un-treated one, due to the higher alkalinity in the system. This result would be a benefit of 
anaerobic digestion process coupled with alkaline pre-treatment, because pH drop by the 
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accumulation of organic acid would be less likely to occur.  
As described in Chapter III, up to 15 g L-1 of NaCl is theoretically produced in alkaline pre-
treatment liquor due to the neutralization of NaOH by HCl. In semi-continuous operation, salinity 
level in the digestate of alkali pre-treated condition gradually increased with operation time and 
reached steady state of approximately 17 g L-1 (Fig. 4-2). Since anaerobic digestion process is known 
to be inhibited at NaCl >20-30 g L-1 (Feijoo et al., 1995; Kimata-Kino et al., 2011), this salinity level 
does not cause the inhibition of methane recovery in the present study. For un-treated condition, the 
inhibition by salinity is no need to concern because no NaCl is produced.    
 
4.3.2. Accumulation of dissolved lignin in the digestate 
Fig. 4-3 shows the fractionation of SCOD in the digestate of un-treated and alkali pre-treated 
P. maackianus. In alkali pre-treated condition, the total SCOD concentration, which is the sum of acid 
precipitate and others, kept increase from the startup and fluctuated at high SCOD value of 13 to 20 
g-COD L-1 at day 38 to 120. The acid precipitate was the main component of SCOD in alkali pre-
treated condition, which accounted for 79.4±5.0% of the total SCOD during day 38-120. In un-
treated condition, total SCOD concentration was about a half as compared with alkali-treated 
condition, but still high total SCOD concentration of 9.6 g-COD L-1 was observed on day 50. Since 
dissolved lignin is much less likely to leach out in un-treated condition, the increase of acid precipitate 
was speculated to be hydrolysable tannin in the macrophyte cells and/or humic substances produced 
during anaerobic digestion.  
Theoretical dissolved lignin concentration in the digestate was calculated based on dissolved 
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lignin concentration of alkali pre-treated P. maackianus. In order to compare the concentration of 
theoretical dissolved lignin and acid precipitate, theoretical dissolved lignin concentration was 
converted from gravimetric base (g L-1) into COD base (g-COD L-1). The COD values of dissolved 
lignin was calculated based on lignin phenol composition of alkali pre-treated P. maackianus (Table 
3-4), i.e. 1.714 g-COD g-lignin-1. Since lignin is undigested in anaerobic environment (Benner et al., 
1984), the theoretical dissolved lignin concentration in the digestate would eventually become 
constant at the same level in the inlet alkaline pre-treatment liquor. Fig. 4-4 shows the acid precipitate 
concentration and theoretical dissolved lignin concentration in the digestate of pre-treated P. 
maackianus. The present study demonstrated that the theoretical dissolved lignin concentration and 
acid precipitate concentration showed relatively similar values. Therefore, it was suggested that the 
acid precipitate accumulated in pre-treated condition is mostly composed of dissolved lignin 
produced by alkali pre-treatment.  
 
4.3.3. Effect of dissolved lignin on methane recovery in semi-continuous operation 
4.3.3.1. Performance of semi-continuous anaerobic digestion of alkali pre-treated and un-
treated P. maackianus  
During semi-continuous anaerobic digestion of alkali pre-treated and un-treated P. 
maackianus, pre-treated condition exhibited higher CH4 recovery (Table 4-1). The cumulative CH4 
yield and the CH4 conversion efficiency was 219.2 mL g-VS-1 and 45.9%-COD for alkali pre-treated 
P. maackianus, and 132.6 mL g-VS-1 and 27.8%-COD for un-treated P. maackianus, respectively. 
Approximately 65% improvement of the CH4 production by alkali pre-treatment was probably 
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attributed to the increase of biodegradable SCOD fraction (i.e. dissolved polysaccharides and cytosol 
derivatives) and accessible cellulose and hemicellulose in the solid fraction of P. maackianus by 
alkaline delignification, as described in Chapter III. Previous studies of semi-continuous anaerobic 
digestion of alkali pre-treated lignocellulosic biomass have reported that increase of CH4 recovery 
after alkaline pre-treatment is 12% to 26% as compared with un-treated biomass (Sambusiti et al., 
2013; Jin et al., 2014; Monlau et al., 2015). Accordingly, the improvement of CH4 recovery obtained 
in the present study was considerably higher than the reported herbaceous plants. It is probably due 
to the lower lignin content of the substrate (4.1%-VS, Sambusiti et al., 2013) or milder pre-treatment 
condition (NaOH loading rate 0.04 g g-TSsubstrate-1, 55ºC, 24 h, Monlau et al., 2015) as compared with 
the present study. With these results, it was indicated that alkaline pre-treatment is preferable 
anaerobic digestion process for lignin-rich submerged macrophyte, in terms of higher CH4 recovery.  
 
4.3.3.2. Inhibition and acclimatization against dissolved lignin  
Fig. 4-5 exhibits the time course of CH4 production rate of alkali pre-treated and un-treated P. 
maackianus and theoretical dissolved lignin concentration in the digestate of pre-treated P. 
maackianus. The theoretical dissolved lignin concentration was shown in gravimetric base (i.e. g L-
1), in order to compare the lignin inhibiting concentration obtained in Chapter III. In alkali pre-treated 
condition, the CH4 production rate started to drop from day 16 and showed lowest CH4 production 
rate of 59.4 mL L-1 day-1 in day 30, suggesting the inhibition of anaerobic digestion process by 
dissolved lignin (Fig. 4-5). The possible mechanism of the inhibition is probably the direct toxicity 
of dissolved lignin on bacteria and archaea (Vidal and Diez, 2005) and/or irreversible adsorption of 
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cellulolytic enzymes on dissolved lignin (Palonen et al., 2004), as speculated in Chapter III. 
Thereafter, the CH4 production rate started to recover from day 42 and high CH4 production rate of 
241.0 ± 32.1 mL L-1 day-1 was maintained throughout the rest of the operational period (day 46-120). 
This result indicates that the acclimatization against the inhibitors seems to occur in this phase. The 
deterioration of CH4 production rate was observed when theoretical dissolved lignin concentration 
exceeded 3.3 g L-1 (day 16). In Chapter III, it was found that the methanogenic and hydrolysis activity 
was inhibited by dissolved lignin at ≧2.5 g L-1 and ≧1.0 g L-1 respectively. In semi-continuous 
operation, it seems that the anaerobic digestion process was inhibited at similar level of dissolved 
lignin as batch toxicity test. Thereafter, the CH4 production was recovered even at high acid 
precipitate concentration of ≧7 g L-1, which clearly indicates the acclimatization of anaerobic 
microorganisms to dissolved lignin. The inhibition and acclimatization on anaerobic digestion against 
dissolved lignin has never been investigated, but those against phenol has been studied in a number 
of researches (Sierra-Alvarez and Lettinga, 1991; Veeresh et al., 2005; Kayembe et al., 2013; 
Rosenkranz et al., 2013). In anaerobic digestion of phenol, the duration of the acclimatization period 
is reported to ranges from 6 weeks to 10 months, depending on the nature of inoculum and the 
operational strategy (Veeresh et al., 2005). Accordingly, the acclimatization period of 46 days 
obtained in the present study is comparable to the previous studies of anaerobic digestion of phenols. 
For the previous studies of semi-continuous anaerobic digestion of alkali pre-treated lignocellulosic 
biomass, only Sambusiti et al. (2013) showed the time course of CH4 production rate. According to 
their results, the CH4 production rate gradually declined from startup but no abrupt decline was 
observed throughout the operational period. It was presumably due to the low lignin content (4.1%-
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VS) of the inherent nature of the substrate (ensiled sorghum forage), which is fivefold lower than P. 
maackianus, should have less inhibitory effect of dissolved lignin on the anaerobic digestion process 
as compared to the present study.   
The inhibitory effect and the following acclimatization on anaerobic digestion was observed 
not only in CH4 recovery but also in the digestate characteristics, i.e. VFAs accumulation. The time 
course of VFAs concentration in the digestate of alkali pre-treated P. maackianus was shown in Fig. 
4-6. From day 20, VFAs concentration dramatically increased and reached 5.1 g L-1 in day 36. During 
“inhibition phase of methane recovery (i.e. day 20-36)”, acetic acid was most abundant, showing 0.7 
to 4.2 g L-1, which accounts for 78.4 to 93.2% of the total VFAs. The accumulation of acetic acid 
clearly indicates the inhibition of acetoclastic methanogenesis. Methanogenesis inhibition usually 
occurs when the pH drops to <6.0-6.5 with VFA accumulation (Speece, 1996). However, in the 
present study, pH was slightly lowered but maintained around 7.2 to 7.5 during the inhibition phase 
(Fig. 4-1). Accordingly, it was suggested that the methanogenesis inhibition was caused not by pH 
drop, but by the other factors such as accumulation dissolved lignin. On the other hand, the VFAs 
concentration started to decline after day 36, and stabilized to 0.1 to 0.4 g L-1 after day 70, indicating 
the anaerobic digestion process was fully recovered. It is probably due to the acclimatization of 
anaerobic microbes to dissolved lignin in the digestate. The acclimatization of anaerobic 
microorganisms on phenol has been investigated by Rosenkranz et al. (2013). They reported the 
elimination capacity of phenol in anaerobic sequencing batch reactor (ASBR) greatly improved from 
around 5 mg VSS-1 day-1 to 40 - 60 mg VSS-1 day-1 after 4 to 6 cycles of fed-batch operation. 
Simultaneously, they reported the drastic change of microbial community structure when phenol 
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concentration increased. Their results cannot simply be compared with the present study since lignin 
monomers and phenol are biodegradable but lignin polymers are highly recalcitrant (Healy and Young, 
1979; Tuomela et al., 2000; Barakat et al., 2012). Nevertheless, it can be speculated that 
acclimatization against dissolved lignin (polymers) by the specialization of microbial community can 
take place in the present study. In addition, since the majority of adsorbed cellulolytic enzymes on 
lignin does not leach into the bulk liquid and forms strongly-bonded “lignin-enzyme complex” on the 
surface of lignin (Funaoka, 1998), the adsorption capacity of lignin should be saturated at certain 
amount of enzymes. Palonen et al. (2004) reported that the binding affinity of added enzyme on lignin 
is decreased due to the high amount of cellulolytic enzymes already attached on lignin. Decrease of 
binding affinity, i.e. the decrease of hydrophobicity, indicates that the toxicity of lignin on 
microorganism could be decreased. Thus the toxic effect of dissolved lignin on anaerobic digestion 
process could be alleviated once adsorption of cellulolytic enzymes is saturated. Therefore, dissolved 
lignin can “temporary” inhibit anaerobic digestion especially during startup phase, but 
acclimatization to dissolved lignin, possibly due to the adaptation of microorganisms and/or 
saturation of enzyme adsorption on dissolved lignin, can recovers the stable anaerobic digestion 
process. In conclusion, the present study indicated that alkaline pre-treatment is highly beneficial for 
enhancing anaerobic digestibility of lignin-rich submerged macrophyte.  
 
4.4. Conclusion 
In Chapter IV, semi-continuous anaerobic digestion of alkali pre-treated and un-treated P. 
maackianus was conducted. By continuous feeding of alkali pre-treated macrophyte, dissolved lignin 
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accumulated in the digestate up to 13-20 g-COD L-1. Alkaline pre-treatment enhanced the CH4 
production of P. maackianus from 28%-COD (un-treated) to 46%-COD, i.e. 65% improvement. In 
the digestate of alkali pre-treated condition, accumulation of dissolved lignin was observed and the 
CH4 production was inhibited. However, the CH4 production was recovered from day 42, which 
suggested the acclimatization of microorganisms and/or alleviation of toxicity of dissolved lignin. 
Overall, alkaline pre-treatment was highly beneficial for enhancing anaerobic digestibility of lignin-
rich submerged macrophyte.  
 
Pretreatment Cumulative CH4 yield  （mL g-VS-1）
CH4 conversion  
(%-COD)
Untreated 132.6 27.8
Pre-treated 219.2 45.9
Table 4-1. Cumulative CH4 yield and CH4 conversion efficiency of untreated 
and NaOH pre-treated P. maackianus in semi-continuous treatment. 
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Fig. 4-1. pH variation in the digestate of alkali pre-treated and un-treated 
P. maackianus in semi-continuous treatment. 
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Fig. 4-2. Variation of salinity in the digestate of alkali pre-treated 
P. maackianus in semi-continuous treatment. 
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Fig. 4-3. Fractionation of SCOD in the digestate of (A) alkali pre-treated and 
(B) un-treated P. maackianus in semi-continuous treatment. 
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Fig. 4-4. Acid precipitate concentration and theoretical dissolved lignin 
concentration in the digestate of alkali pre-treated P. maackianus.
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Fig. 4-5. Time course of CH4 production rate of alkali pre-treated and un-treated 
P. maackianus in semi-continuous treatment and theoretical dissolved lignin 
concentration in the digestate of alkali pre-treated condition. 
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Fig. 4-6. VFAs concentration of alkali pre-treated P. maackianus in semi-
continuous treatment. 
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Chapter V 
General discussion 
 
Among five submerged macrophyte species dominant in Lake Biwa (all of these species are 
also commonly found in all over the world), four macrophyte species exhibited relatively high CH4 
recovery as compared with other lignocellulosic biomass (Chapter II). For recalcitrant macrophyte P. 
maackianus, alkaline pre-treatment significantly improved its CH4 recovery both in batch (Chapter 
III) and semi-continuous modes (Chapter IV), indicated lignin-rich macrophytes can be degraded well 
in anaerobic digestion. In order to confirm the feasibility of alkaline pre-treatment, the economic and 
energy balance should be concerned. In this chapter, the economic and technical feasibility of alkaline 
pre-treatment on anaerobic digestion of submerged macrophytes was discussed. Furthermore, future 
studies for improving anaerobic digestion of submerged macrophytes were discussed. 
 
5.1. Economic and thermal balance assessment of alkaline pre-treatment 
In the thermal alkaline pre-treatment conducted in the present study, alkali (NaOH) and acid 
(HCl for neutralization) are added, which increases the extra cost. In addition, the heating at 80ºC 
requires the external energy consumption. Therefore, the preliminary assessment of economic and 
energy balance was conducted in order to evaluate the techno-economic feasibility of alkaline pre-
treatment on anaerobic digestion of submerged macrophytes by assuming full-scale treatment in Lake 
Biwa, Japan. In the economic and thermal balance assessment of alkaline pre-treatment on anaerobic 
digestion of submerged macrophytes, (1) additional costs for chemicals (NaOH and HCl) versus 
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increase of electricity sales (i.e. benefit), and (2) extra energy input for heating versus increase of 
gained heat energy by biogas combustion, were compared with un-treated condition, by consulting 
the method described by Monlau et al. (2015).  
 
5.1.1. Scenarios design 
Daily throughput and operational period of submerged macrophytes in anaerobic digestion 
treatment was determined based on the harvested yield and season in Lake Biwa. Approximately 
4,000 tons-wwt of submerged macrophytes have been harvested per annum in Lake Biwa (Fig. 1-4). 
The harvesting season is usually between May to October, since submerged macrophytes start to grow 
from May and become most abundant in September, and decline from October and eliminates in 
winter to early spring (K. Ishikawa, personal communication, June 26, 2015). Accordingly, the 
operation period was presumed as 6 months (May to October), of which average temperature is 
assumed to be 25ºC. In order to treat 4,000 tons-wwt of submerged macrophyte in 6 months for 5 
days per week (≒  22 days per month), the daily throughput of submerged macrophytes was 
determined as 30 tons-wwt per day (= 4,000 tons year-1 ÷ 6 months ÷ 22 day month-1). Species 
composition of submerged macrophytes was determined according to the previous work of Haga and 
Ishikawa (2011), which surveyed the total biomass and the species composition of submerged 
macrophytes in South Basin of Lake Biwa in September 2007, and found that P. maackianus accounts 
for 55% of all biomass, followed by Eg. densa 12.6%, C. demersum 12.4%, El. nuttallii 5.8% and P. 
malaianus 3.6% (Table 2-1). In the present study, it was presumed that the only five macrophyte 
species mentioned above existed throughout the year.  
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Operating condition of the pre-treatment was determined by the results of the present study 
(Table 5-1). Alkaline pre-treatment was applied only on P. maackianus, since alkaline pre-treatment 
is effective in improving CH4 yield of lignin-rich macrophyte, as described in Chapter III. The 
alkaline pre-treatment condition was NaOH 0.1 g g-TS-1, 80ºC and 3.0 hours, since the cumulative 
CH4 yield of P. maackianus in NaOH 0.1 and 0.2 g g-TS-1 did not show the significant difference. 
During alkaline pre-treatment, macrophytes have to be soaked in NaOH solution, so that up to 15.0 
tons-wwt (or 15.0 m3) of NaOH + HCl solution should be added to P. maackianus. Accordingly, the 
total daily throughput to simulated full-scale anaerobic digester is 45.0 tons-wwt day-1.  
In Japan, the tariff of generated electricity from biogas is currently 39 JPY (tax exclusive) per 
kWh in 2015 (Ministry of Economy Trade and Industry (METI), 2015). It was assumed that 10% of 
generated electricity was utilized for the operation of anaerobic digester and the surrounding 
equipment, and the rest of generated electricity was sold. On the other hand, the costs of chemicals 
for alkaline pre-treatment were 18 JPY per kg for NaOH (24%) (National Institute for Land and 
Infrastructure Management, 2015) and 18 JPY per kg for HCl (35-37%) (CMC, 2015), respectively. 
Thermal balance was calculated by the difference in the external energy consumption by alkaline pre-
treatment (i.e. heating) and the increase of thermal energy owing to the increase of CH4 recovery by 
alkaline pre-treatment. In order to evaluate the external energy consumption, the heat energy 
requirement (HER) was calculated according to Monlau et al. (2015) as follows: 
 HER (kWh ton-VS-1) = 
� m×Cp×(Tfinal-Tinitial)�
3600
 × (1.0 - 0.8) (12) 
where m is the mass of substrate + NaOH solution (kg-wwt), Cp is the water-specific heat (4.18 kJ 
 115 
 
kg-1 ºC-1), Tinitial is the initial temperature of the substrate + NaOH solution before pre-treatment 
(=25ºC) and Tfinal is the temperature after pre-treatment (=80ºC). Heat losses during alkaline pre-
treatment was considered negligible. Dhar et al. (2012) conducted the techno-economic evaluation of 
thermal pre-treatment for enhancing anaerobic digestion of waste activated sludge and reported that 
up to 80% of heat energy can be recovered from pre-treated sludge. Accordingly, it was presumed 
that 80% of heat energy required for the pre-treatment was recovered in the present study. 
 
5.1.2. Recovery of CH4, electricity and thermal energy  
Monthly CH4 yield from submerged macrophyte under mesophilic condition (37ºC) was 
roughly estimated based on the species composition of submerged macrophytes in Lake Biwa and the 
data of the cumulative CH4 yields obtained in the present study. Generally, CH4 recovery in semi-
continuous mode is slightly lower than that in batch mode, since digestate with certain amount of un-
digested feedstock is discharged according to the HRT of the anaerobic digester when adding new 
feedstock. Accordingly, the CH4 yields of each macrophyte were calculated based on the wet-weight 
based cumulative CH4 yield (mL g-wwt-1) obtained in batch test (Chapter II), and the CH4 yields were 
calibrated with CH4 continuous/CH4 batch ratio of alkali pre-treated P. maackianus. The monthly CH4 yield 
of alkali pre-treated macrophytes was 32.4% higher than that of un-treated macrophytes (Fig. 5-1). 
Generated biogas is converted to heat and electricity by using combined heat and power (CHP) system, 
of which electricity efficiency is 35% and thermal efficiency is 50%. Accordingly, the yield of 
electricity and thermal energy from submerged macrophyte in simulated full-scale treatment was 
determined as shown in Table 5-2. 
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5.1.3. Economic and thermal balance 
Economic balance was calculated based on the difference in the cost for the chemicals required 
in alkaline pre-treatment and the increase of the electricity sale owing to the increase of CH4 recovery 
by alkaline pre-treatment. Fig. 5-2 shows the economic and thermal balance of alkali pre-treated and 
un-treated macrophytes. As clearly presented in Fig. 5-2 (A), the economic balance of alkaline pre-
treatment became positive. This result indicates that the cost for chemicals is completely compensated 
by the increase of electricity sale owing to alkaline pre-treatment. The thermal energy balance of 
alkaline pre-treatment in simulated full-scale anaerobic digestion of submerged macrophytes were 
summarized in Figure 5-2 (B). By applying 80% heat recovery, the net thermal energy of alkaline 
pre-treatment became positive. This result indicates that no extra thermal energy input is required for 
alkaline pre-treatment.  
 
5.1.4. Effect of electricity tariff of economic balance 
METI has been planning to reduce the electricity tariff from renewable energy producing 
facilities, with the increases of prevalence rate (METI 2015), so that it is important to note that the 
electricity tariff generated from macrophyte biogasification would be reduced to some extent in near 
future. Accordingly, the effect of electricity tariff on the economic balance of alkaline pre-treatment 
+ anaerobic digestion of submerged macrophytes was roughly evaluated by varying the tariff from 
39 to 30 JPY kWh-1 (Fig. 5-3). It was demonstrated that the net benefit (i.e. [benefit from electricity 
sale] – [chemical cost]) of pre-treated macrophytes became lower than that of un-treated macrophytes 
from 37 JPY kWh-1. It should be noted that the price of chemicals widely varies depending on the 
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year, which implies that the net benefit of pre-treated macrophytes can be lowered below un-treated 
macrophytes even in the current electricity tariff, depending on the price of the chemicals in the year.  
 
5.1.5. Effect of species composition on economic and thermal balance 
The effect of species composition on economic and thermal balance was evaluated. To date, no 
study has quantified the seasonal variation of the species composition, but it has been empirically 
known that each species have different annual growth pattern. A number of studies have stated the 
biomass of El. nuttallii reaches the maximum in late spring to early summer, while that of other 
macrophytes (C. demersum, Eg. densa, P. maackianus and P. malaianus) are in summer to early 
autumn (Hamabata, 2005). In order to estimate the effect of species composition, the composition of 
El. nuttallii was roughly changed from 10% to 70% in wet weight basis, as shown in Fig. 5-4 (A). In 
this scenario, the relative composition of other macrophytes were unchanged from Table 2-1.  
The simulated results of economic and thermal balance under different species composition was 
shown in Fig. 5-4 (B) and (C). With the increase of El. nuttallii, the net benefit and heat gain of pre-
treated macrophyte became closer to that of un-treated macrophyte. This result suggests that alkaline 
pre-treatment has advantage in the seasons when readily degradable macrophytes such as El. nuttallii 
declines and recalcitrant macrophytes such as P. maackianus increases. In the future, it could be 
economically unfeasible to apply alkaline pre-treatment when recalcitrant macrophyte is not abundant, 
if the electricity tariff drops. To conclude, the present study suggested that alkaline pre-treatment on 
anaerobic digestion of submerged macrophytes could be economically feasible in late summer to 
autumn in case of Japan.  
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5.2. Future studies for more efficient anaerobic digestion of submerged macrophytes 
5.2.1. Lignin recovery from alkali pre-treatment liquor prior to anaerobic digestion  
The present study demonstrated that the application of high NaOH loading rate to lignin-rich 
macrophyte not only enhances lignin removal and CH4 recovery, but also increases dissolved lignin 
concentration in the bulk liquid. Inhibitory effect of the dissolved lignin on anaerobic digestion 
process was presented in Chapter III, but Chapter IV revealed anaerobic microbes was acclimatized 
to the dissolved lignin and the methane production rate was recovered under long term operation (>50 
days). On the other hand, another problem of dissolved lignin on anaerobic digestion process, the 
requirement of post-treatment of lignin-containing digestate, is still a large concern when considering 
the practical use. If cost for post-treatment rises up by dissolved lignin post-treatment, the techno-
economic feasibility of alkaline pre-treatment would be lowered. Then, is there any strategies for 
treatment of dissolved lignin? 
In recent years, the recovery of lignin from lignin-rich wastewater such as black liquor, pulp 
industry wastewater and pre-treatment liquor of plant biomass has been given its attention. The 
potential use of lignin is, for instance, automobile brakes, wood panel products, bio-dispersants, 
polyurethane foams and epoxy resins (Lora and Glasser, 2002). Variety of lignin recovery techniques 
including chemical coagulation, filtration, acid precipitation and electrocoagulation has been 
investigated for development of energy-efficient and cost-effective lignin biorefinery process (Das 
and Patnaik, 2000; de Pinho et al., 2000; Ibrahim et al., 2004; Uğurlu et al., 2008; Nagy et al., 2010). 
Accordingly, the combination of lignin recovery process and anaerobic digestion of alkali pre-treated 
biomass could be more beneficial not only in bioenergy recovery but also in additional benefit from 
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recovered lignin. However, dissolved lignin and anaerobic digestion effluent (ADE) should not be 
mixed when considering lignin refinery, due to the reduction of lignin recovery efficiency by 
adsorption of lignin on sludge (Hernandez and Edyvean, 2008) and contamination with unwanted 
microorganism or pathogens (Chen et al., 2012). Accordingly, in order to reduce the risk of 
contamination of lignin with ADE, lignin recovery process should be placed prior to anaerobic 
digestion process.   
 
5.2.2. Co-digestion of submerged macrophytes with other biomass 
Generally, the propagation of submerged macrophytes in temperate zone including Japan is 
limited by season. As stated in 5.1.1. of this Chapter, the harvesting season of submerged macrophyte 
is usually limited to May to October. Thus the abundant macrophyte biomass can be supplied to the 
full-scale anaerobic digester during spring summer to autumn, while the macrophyte can be scarcely 
loaded to the digester during winter to early spring. The insufficient supply of organic substrate to the 
digester can result in the decline of microbial activity (Hwang et al., 2010). Therefore, it is important 
to continuously fulfill the sufficient organic loading to anaerobic digester, in order to maintain the 
microbial activity and the methane yield.  
Anaerobic co-digestion with different substrate can be attractive in the process, for hold-up of 
the organic loading to anaerobic digester during wintertime. Food waste is often applied to the co-
substrate in the process due to its abundance and the high biodegradability/methane yield of 364-489 
mL g-VS-1 (Verrier et al., 1987; Heo et al., 2004). Accordingly, anaerobic co-digestion of submerged 
macrophytes with food waste would definitely increase biogas-derived electricity sale and heat energy. 
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Co-digestion has been gaining momentum in many aspects including optimization of carbon to 
nitrogen (C/N) ratio (Yen and Brune, 2007), increase of buffering capacity (Mshandete et al., 2004) 
and provision of micro/macronutrient (Alatriste-Mondragón et al., 2006). Previous studies have 
reported that submerged macrophytes contain relatively abundant nitrogen, of which C/N ratio of 8.5-
12.9 (Kobayashi et al., 2015). It is known that C/N ratio of 20-30 is preferable for the growth of 
anaerobic microorganisms (Gu et al., 2014). From these perspectives, co-digestion with carbon-rich 
food waste would be suitable for year-round stable anaerobic digestion of macrophytes in optimum 
C/N ratio condition. 
The application of food waste on thermochemically pre-treated submerged macrophytes may 
have another advantage: the reduction of neutralizing agent. After the alkaline pre-treatment, the pH 
reaches 12 or above, which is obviously too high for microorganisms. Usually, acids such as HCl is 
used for neutralizing the thermochemically pre-treated substrate, but the addition of the neutralizing 
agent rises the operation cost and high salinity in digestate, which can makes this pre-treatment less 
competitive. Food waste is usually easily degradable, so that it is quickly broken down into organic 
acids. Thus the idea of mixing with acidified food waste may have a potential to reduce the cost for 
neutralizing agent. Nakahashi (2013) conducted the co-digestion of P. maackianus after alkaline pre-
treatment with food waste and reported that the addition of food waste achieved the decline of pH of 
the pre-treated macrophytes, suggesting 51% of the neutralizing agent can be reduced when treating 
P. maackianus at NaOH 0.1 g g-TSsubstrate-1, 80˚C for 3 h. Accordingly, the addition of food waste can 
be attractive not only due to the increase of the organic loading rate during wintertime, but also due 
to the reduction of the cost for alkaline pre-treatment.  
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Table 5-1. Daily throughput in simulated full-scale anaerobic digestion 
of submerged macrophyte.
Daily throughput (tons day-1)
Un-treated Alkali pre-treated
P. maackianus 15.0 15.0
NaOH aq. * - 14.9
HCl aq. ** - 0.1
Other macrophytes 15.0 15.0
Water 15.0 0.0
Total 45.0 45.0
* NaOH load is 0.100 ton-TS against 1 ton-TS of P. maackianus
** HCl load is 0.112 ton-wwt (12N) against 1 ton-TS of P. maackianus
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Parameters Unit Untreated Pre-treated 
Monthly CH4 yield m3 month-1 7,195 9,523
Total energy potential of CH4 kWh month-1 79,478 105,196
Electricity energy produced kWh month-1 13,909 18,409
Thermal energy produced kWh month-1 39,739 52,598
Table 5-2. Thermal and electricity energy produced in anaerobic digestion of 
submerged macrophytes in presumed full-scale treatment in semi-continuous 
mode (30 tons-wwt day-1). 
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Fig. 5-1. Monthly cumulative CH4 yield of submerged macrophytes of simulated 
full-scale anaerobic digestion treatment in semi-continuous mode. 
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Fig. 5-2. Economic balance (A) and thermal balance (B) of simulated full-scale anaerobic 
digestion of submerged macrophytes in semi-continuous mode. 
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Fig. 5-3. Effect of electricity tariff on net benefit from un-treated and pre-treated 
submerged macrophytes. The net benefit of pre-treated macrophytes was 
determined by subtraction of chemical cost from the benefit from electricity sale. 
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Fig. 5-4. Effect of species composition on the difference of net benefit and net heat 
balance between un-treated and pre-treated submerged macrophytes under various 
composition of El. nuttallii. Species composition of daily throughput (A); net benefit 
(B); net heat balance (C).  (B) and (C) were obtained by the subtraction of un-treated 
from pre-treated macrophyte.
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